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ABSTRACT 223 
Common waterhemp (Amaranthus tuberculatus (Moq) Sauer) is a problematic weed in 224 
the Midwest United States. One of the weediness characteristics of this species is its 225 
prolonged emergence pattern, which typically calls for follow-up herbicide treatment later 226 
in the growing season. Another weediness characteristic that causes control problems in 227 
common waterhemp is its propensity to evolve resistance to herbicides. Common 228 
waterhemp populations have evolved resistance to six herbicide modes of action. This 229 
thesis addresses these two facets of this notorious weed, beginning with a general 230 
introduction in chapter 1 describing the biology of the species and the effects of 231 
emergence timing on life history traits of natural common waterhemp populations (e.g. 232 
flowering phenology, seed development, seed production, seed after-ripening). The 233 
second part of chapter 1 provides background information on plant fitness and the fitness 234 
costs associated with the evolution of resistance to protoporphyrinogen oxidase (PPO) 235 
and glyphosate herbicides.  236 
 237 
Chapter 2 addresses a study that described the effect of emergence timing on the 238 
reproductive biology of natural common waterhemp populations.  The study focused on 239 
the flowering phenology and seed production of different common waterhemp cohorts. It 240 
was found that common waterhemp emergence timing was closely correlated with rain 241 
events, and growth degree day (GDD), soil degree day (SDD) and precipitation are 242 
important factors that are influencing the extent of weed emergence. Common waterhemp 243 
exhibited flowering phenology plasticity, with later common waterhemp cohorts having a 244 
relatively earlier reproduction time and shorter reproductive duration period compared 245 
with the early cohorts. Common waterhemp cohorts exhibited a pulsed flowering pattern 246 
with multiple flowering peaks in both years. The flowering pattern of common 247 
waterhemp was influenced by temporal distribution of rain events, suggesting that 248 
common waterhemp populations are plastic enough to tailor their flowering to variable 249 
environmental conditions for pollination. Common waterhemp maintained high seed 250 
production throughout the growing season regardless of decreased plant size in later 251 
cohorts. Seed production for common waterhemp populations was more influenced by 252 
plant emergence timing, while individual plant seed production was more affected by 253 
common waterhemp population densities. 254 
 255 
xi 
 In Chapter 3, we continued to determine the effect of emergence timing on the fate of the 256 
next generation of common waterhemp cohorts and research was conducted to evaluate 257 
variations in seed mass, seed maturation time and the seed after-ripening pattern among 258 
cohorts. Results differed among years and thus were presented separately. We were able 259 
to find that: 1) cohorts needed the same amount of time to generate viable seeds in 2009, 260 
while the earliest cohort took significantly longer time (30 days) to generate viable seeds 261 
than later cohorts (21 to 25 days) in 2010; 2) In 2009, later cohorts produced significantly 262 
heavier seeds (P<0.0001), while no significant differences in seed mass among cohorts 263 
were detected in 2010 (P=0.1182); 3) In 2009, seeds from different cohorts had similar 264 
after-ripening pattern. Newly harvested seeds have strong primary dormancy (<10% 265 
germination), which was gradually released during dry storage and reached maximum 266 
germination (>80%) rate at 4 months after harvest (MAH). However, germination 267 
dropped to 40% at 6 and 8 MAH, indicating induction of secondary seed dormancy.  In 268 
2010, strong primary dormancy at harvest could not be released by dry after-ripening, 269 
which was probably due to strong interspecific competition and less favorable parental 270 
environments.   However, in 2010 there was a difference in seed dormancy among 271 
common waterhemp cohorts. 272 
 273 
In Chapter 4, we tested the effect of herbicide selection on the ecological fitness of 274 
common waterhemp by comparing two protoporphyrinogen oxidase -(PPOB, PPOW) and 275 
three glyphosate (Gly) resistant (R) (Gly IA, Gly IL, Gly MO) common waterhemp 276 
populations with a herbicide susceptible (S) common waterhemp population (CUTS) 277 
throughout different life stages. The greenhouse studies were repeated but at different 278 
times during the year, which likely contributed to the inconsistent results.  The 279 
experiment was first conducted (designated Experiment 1) on May 22 and ended on 280 
August 28 in 2009 and was repeated (designated Experiment 2) on November 2, 2009 and 281 
ended on March 1, 2010. We found that all PPO and Gly R populations had higher 282 
germination percentages but only some also germinated much faster than the S population 283 
in both experiments.  Also environmental conditions and plant growth stages had 284 
significant influence on the manifestation and magnitude of fitness cost on vegetative 285 
growth. Fitness cost on vegetative growth associating with PPO resistance existed at least 286 
in certain growth stages in common waterhemp. Fitness cost on vegetative growth with 287 
glyphosate resistance varied with the growing conditions of the plants. Under favorable 288 
xii 
growing conditions (i.e. Experiment 1), S plants have faster growth rate during vegetative 289 
growth stage but the advantages disappeared when plants flowered. However in less 290 
favorable growing conditions (i.e. Experiment 2), no fitness cost were detected which was 291 
indicated by similar plant heights and stem diameters between Gly R and S populations. 292 
Similar results were found in fitness cost with reproductive biology. Flowering time, 293 
reproductive effort, and seed mass were not different between PPO-R and S plants in both 294 
experiments. However, a significant fitness cost in seed production was seen in PPO R 295 
population in Experiment 2. Fitness cost in reproductive biology of glyphosate resistance 296 
was evidenced only on some common waterhemp populations. Flowering time and seed 297 
production were significantly different between CUTS population and only Gly IA 298 
population. Seed production of Gly IA population was much higher than CUTS 299 
population in Experiment 1, while much lower seed production of Gly IA population than 300 
CUTS population was observed in Experiment 2.  301 
 302 
In Chapter 5, we summarized the research based on our two projects and provided 303 
insights on the how these data could be used to help us get a better idea of controlling 304 
common waterhemp in the United States. Understanding the biology and ecology of 305 
common waterhemp cohorts will likely help make effective weed management decisions 306 
by targeting the most vulnerable stages of common waterhemp development. Information 307 
from fitness studies may be valuable in modeling herbicide resistance evolution.  308 
 309 
 310 
 311 
 312 
 313 
 314 
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 315 
CHAPTER 1 GENERAL INTRODUCTION 316 
Common waterhemp biology 317 
Common waterhemp (Amaranthus tuberculatus (Moq) Sauer) is an increasing threat to 318 
the agronomic production systems throughout the Midwestern United States (Heap, 2012).  319 
It is noted that common waterhemp populations of 200 plants/m2 decreased soybean yield 320 
by 43%, and common waterhemp with a population density of 8 plants/m of row 321 
emerging with soybean was able to reduce yield by up to 56% (Hager et al., 2002; Bensch 322 
et al., 2003).  323 
Control of common waterhemp has been achieved with several preemergence (PRE) and 324 
postemergence (POST) herbicides (Shoup, 2004).   However, several weediness 325 
characteristics make common waterhemp difficult to manage. For example, the rapid 326 
growth rate of common waterhemp results in a shorter seedling stage in which the weed  327 
is most susceptible to POST herbicides (Horak and Loughin, 2000). Also, as a dioecious 328 
plant, common waterhemp must outcross with other common waterhemp plants, and 329 
possibly other Amaranthus species, which may also contribute to the difficulty in control 330 
(Patzoldt et al. 2005).  Furthermore, the high fecundity of common waterhemp and the 331 
long persistence of soil seed bank call for long-term control of this species (Sellers et al., 332 
2003; Hartzler et al., 2004; Buhler and Hartzler, 2001; Burnside et al., 1996).  333 
Most importantly, common waterhemp has a discontinuous emergence pattern with 334 
emergence events spreading out over the majority of the growing season, while most 335 
other summer annual weeds generally emerge during the early portion of the growing 336 
season (Hartzler et al., 1999). The prolonged emergence pattern of common waterhemp 337 
results in several cohorts emerging during the growing season which may influence the 338 
duration that weed management tactics are needed and thus making effective herbicide 339 
application timing difficult (Refsell and Hartzler, 2009).  340 
14 
 Life history traits of common waterhemp  341 
Various factors of natural environments such as water availability, air temperature, and 342 
predator activity fluctuate in space and time (Schaffer, 1974). In environments with 343 
fluctuating resources, seed germination timing is a crucial trait affecting other life-history 344 
traits, because different emergence timings (cohorts) are associated with different 345 
environmental conditions (Lacey, 1982; Ruhren and Dudash, 1996).  In adaptation to 346 
variation of resources on time scale, plants of different emergence timing tend to have 347 
different life strategies, which lead to differences in survivorship, growth, phenology, and 348 
reproductive success (Schaffer, 1974). 349 
 Weed seed dormancy and emergence 350 
Dormancy is used to describe the state where viable seeds fail to germinate under 351 
favorable environmental conditions (Bewley and Black, 1994). Dormancy is considered 352 
as a risk-spreading life strategy, since it distributes seed germination over time to avoid 353 
conditions that are not favorable, which reduces the risk of all seedlings being subjected 354 
to poor growing conditions and helps avoid sibling competition (Jurado and Moles, 2003). 355 
Dormancy is a common trait of many weed seed populations, which prevents farmers 356 
from successfully predicting timing and extent of weed emergence (Benech-Arnold et al., 357 
2000). 358 
 359 
Seed dormancy is a genetic trait of a species, which is subject to selection (Naylor, 1983; 360 
Jain, 1982). However, seed dormancy is not only mediated by intrinsic seed biochemical 361 
contents such as plant hormones (e.g. abscisic acid, gibberelin and ethylene), but also 362 
affected by environmental factors (Kon et al., 2007; Koorneef et al., 2002; Finch-Savage 363 
and Leubner-Metzger, 2006). The degree of dormancy can be modified by environmental 364 
conditions during seed development on the mother plant or in the soil seed bank after the 365 
dispersal (preconditioning; Gutterman, 1982). Dormancy that is developed at maturity 366 
when seeds are still on a mother plant is called primary dormancy. Dormancy that is 367 
developed on seeds that are non-dormant at maturity or dormant seeds that have after- 368 
ripened are forced into dormancy under unfavorable conditions, is called secondary 369 
dormancy (Baskin and Baskin, 1985). Factors alter the degree of weed seed dormancy by 370 
modifying the sensitivity of seeds to environmental signals, which lead to seasonal 371 
changes in weed emergence pattern (Baskin and Baskin, 1985).   372 
15 
 373 
Some of the previous studies thought that environmental factors affecting dormancy level 374 
of buried weed seeds in the soil seedbanks can either alter or end the dormancy states, and 375 
thus have divided environmental cues into two classes: one is dormancy level regulating 376 
factors and the other is dormancy terminating factors or germination initiating factors 377 
(Benech-Arnold et al., 2000). However, it is hard to distinguish between dormancy 378 
breaking and germination stimulating cues because, dormancy is regulated by almost all 379 
factors that influence germination, such as nitrate, light and alternating temperatures 380 
(Bewley, 1997). Soil temperature is one of the main factors governing seasonal changes 381 
in the weed seedbank dormancy level in temperate environments and it is also thought to 382 
interact with the hydration level of the seeds (Batlla and Benech-Arnold, 2010; Baskin 383 
and Baskin, 1988; Baskin and Baskin, 1998; Benech-Arnold et al., 2000; Allen et al., 384 
2007). Besides, many other factors such as nitrate and the gaseous environment in the soil 385 
can also modify dormancy levels (Batlla and Benech-Arnold, 2010; Benech-Arnold et al., 386 
2000; Riemens et al., 2004). Light and fluctuating soil temperature are thought to be the 387 
most important factors that terminate the dormancy of buried seeds under field conditions 388 
(Batlla and Benech-Arnold, 2010). Dormancy regulating or germination initiating factors 389 
can be altered by agricultural practices such as tillage, fertilization and chemical 390 
applications, flooding, crop residue and burning (Benech-Arnold et al., 2000). 391 
 Flowering phenology 392 
As an essential visual prediction of the reproductive success of plants, flowering 393 
information is useful to plant growth modelers in predicting yield potential and maturity 394 
time (Adamsen and Coffelt, 2005). Photoperiod and air temperature are two factors that 395 
significantly influence physiological and morphological events that lead to flowering, 396 
fruiting, and ultimately, seed production (Gardner et al., 1985; Goyne et al., 1988; 397 
Hartzler, 1987). However, very little is known about the flowering phenology as well as 398 
factors such as emergence timing that influence the flowering patterns of various weeds.  399 
 400 
There are four components in flowering phenology: timing of first flowering, flowering 401 
duration period, flowering pattern (flowering production over time) and flowering 402 
synchrony (overlaps in flowering time among individuals in the population) (Ollerton and 403 
Lack, 1998). Flowering synchrony is an important guarantee of plant reproductive 404 
16 
success since it may influence the behavior of pollinators and seed predators (Primack, 405 
1980; Augspurger, 1981; Marquis, 1988). Since the irradiance is highest and the day 406 
length is longest early in the growing season and declines with the progress of the 407 
growing season, earlier flowering and a longer reproductive period usually result in 408 
higher seed production (Cooper, 2003). Longer reproductive period has been documented 409 
to contribute to reproductive success in many desert annuals (Samson and Werk, 1986). 410 
In Blepharis sindica cohorts, early emerging plants started flowering earlier and had a 411 
longer flowering duration than did later emerging plants (Narita, 1998). Longer flowering 412 
duration period may lead to extended exposure of flowers to pollinators, thus can 413 
contribute to higher reproductive success.  For example, the fruit set of gynodioecious 414 
Daphne laureola was reduced by half when flowering period was decreased by 50% 415 
(Alonso, 2004). However, flowering phenology of common waterhemp and how it is 416 
affected by emergence timing is poorly understood.   417 
 Seed development  418 
For the life history of higher plants, seed development is a critical process connecting two 419 
distinct generations. The environmental factors prevailing before, during and after seed 420 
development have been noted to affect seed dormancy and germination in several plant 421 
species (Roach and Wulff, 1987; Kon et al, 2007; Koorneef et al., 2002; Finch- Savage 422 
and Leubner-Metzger, 2006)). Those environmental conditions and factors include but are 423 
not limited to water availability, temperature, mineral nutrition, day length, light quality, 424 
and atmospheric CO2 concentrations that the mother plants experience during seed 425 
development (Roach and Wulff, 1987). For example, day-length during lettuce (Lactuca 426 
sativa) seed development not only affected seed weight but also seed germinability under 427 
sub-optimal conditions; seeds produced under shorter days were lighter, less sensitive to 428 
exogenous abscisic acid (ABA) and had a greater germination percentage in the dark 429 
(Contreras et al., 2008). In another example, Plantago lanceolata, higher temperatures 430 
during seed development led to decreases in seed weight and seed dormancy, and 431 
elevated atmospheric CO2 concentrations increased germination percentages (Alexander 432 
and Wulff, 1985; Wulff and Alexander, 1985). These environmental conditions could 433 
affect seed dormancy through morphological changes in the structure or permeability of 434 
the seed coats, or changes in seed biochemical contents such as the level of hormones and 435 
chlorophyll (Roach and Wulff, 1987).   436 
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 437 
Therefore, seeds with different maturation times may differ in their germination 438 
characteristics. For example in Sporobolus spicatus (Vahl) Kunth, seeds that matured 439 
during August had higher germination percentages than seeds that matured in December 440 
and May (El-Keblawy et al., 2009). Therefore, information about seed development of 441 
different cohorts may be valuable in predicting the resultant seed dormancy and 442 
emergence patterns of following generations.  The time requirement for female common 443 
waterhemp plants to produce viable seeds has been determined in the green house. 444 
Common waterhemp was demonstrated to take 7 to 9 days after pollination to produced 445 
viable seeds when harvested seeds were stored at 30 C, and 12 days after pollination 446 
when harvested seed were stored at -20 C (Bell and Tranel, 2010). However, little 447 
information concerning the common waterhemp seed development in the field exists 448 
because of the more complicated factors such as uncontrolled environment conditions, 449 
unpredictable emergence timing, and population densities which are not concerns in the 450 
lab. 451 
Seed production   452 
Maintaining a low weed population density is essential for successful weed management 453 
and can be achieved by decreasing annual seed input into the soil seedbank (Boutsalis, 454 
2001).  Seed rain is the major input affecting the populations of annual weeds. The high 455 
fecundity of common waterhemp has increased the difficulties for the control of this 456 
species. Common waterhemp plants can produce from 288,950 to more than 2,300,000 457 
seeds per plant depending on location and local conditions (Sellers et al., 2003; Hartzler 458 
et al., 2004). Common waterhemp has longer seed persistence in the soil than some other 459 
weeds and seeds can last 4 years or more in the soil. The prolific seed production, 460 
combined with relatively long seed persistence is a huge concern when developing 461 
sustainable weed management strategies (Buhler and Hartzler, 2001; Steckel et al., 2007).  462 
Information about spatial and temporal variation in seed production of a species and 463 
factors affecting seed production are valuable in assessing trends in weed populations 464 
(Falk and Holsinger, 1991).  465 
 466 
Seed production is influenced by both internal and external factors as well as their 467 
interactions. Internal factors that influence seed production include, life history traits such 468 
18 
as flowering phenology and plant size, while external factors are represented by factors 469 
such as seed predation, pollen and resource availability (Lee and Bazzaz, 1982; Lawrence, 470 
1993; Narita, 1998; Cook, 1980; Xiao et al., 2007). Plant germination timing is a critical 471 
trait influencing the above-mentioned factors and thus influences life time seed 472 
production of plants. Natural environment and biotic factors, such as water availability, 473 
air temperature, and predator activity fluctuate in space and time, which influence plant 474 
survivorship, growth, phenology, and reproductive success (Lacey, 1982; Ruhren and 475 
Dudash, 1996; Schaffer, 1974). Therefore, variation in germination and emergence timing 476 
may influence plant life history traits as well as resource availability and thus have a 477 
strong effect on reproductive success.  478 
 479 
The advantage of early-emerging plants has been reported in many species including 480 
common waterhemp (Ross and Harper, 1972; Cook, 1980; Hartzler et al., 2004; Uscanga- 481 
Mortera et al., 2007).  Early emerged cohorts have been documented to have advantages 482 
over later cohorts on three aspects; more abundance of resources, protection from disease 483 
or predators, and an indirect relationship between emergence time and seed size (Weekley 484 
et al., 2007; Abe et al., 2008). For example, late-emerging Blepharis sindica cohorts have 485 
smaller plant size and stem diameters than plants from earlier cohorts. The smaller plant 486 
size in later cohorts can be caused by more serious intraspecific competition from earlier 487 
cohorts, or decreased water availability later in the growing season, as well as smaller 488 
root systems (Narita, 1998).  489 
There are at least two aspects that prevent us from getting the whole picture of the 490 
ecological significance of extended weed emergence patterns.  One is the lack of 491 
information on the potential ecological significance of later emergence timing on fitness 492 
since most of the previous studies suggested that late emergence timing had a significant 493 
disadvantage in seedling growth and fecundity (Verdu and Traveset, 2005). The other is 494 
that most of the previous studies that investigated common waterhemp cohort seed 495 
production, whether involving crop competition or not, were conducted under controlled 496 
conditions in which common waterhemp seeds were sown and population density was 497 
controlled (Uscanga-Mortera et al., 2007; Hartzler et al., 2004).  Little information is 498 
available on the effect of emergence timing on plant life history traits in natural weed 499 
populations (Espeby, 1989; Jornsgard et. al., 1996).  500 
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Seed after-ripening and the transition from dormancy to germination 501 
Seed after-ripening is the process by which new mature seeds gradually release dormancy 502 
after a prolonged period of dry storage (Bazin et al., 2011). Seed after-ripening results in 503 
a wider range of the thermal conditions that allow germination (Probert, 2000; Finch- 504 
Savage and Leubner-Metzger, 2006). Seed dormancy is established during the 505 
developmental stages of the seed and reflects strong interactions between genetic 506 
characteristics and environmental factors.  (Bentsink and Koornneef, 2008).  507 
Maternal phenotypic effects, either resulting from the environment or genotype of the 508 
maternal parent, have profound influence on seed dormancy. The maternal genotypic 509 
effects, such as seed position in the inflorescence, position of the inflorescence on the 510 
plant, the age of the mother plant, can all affect seed germination and dormancy 511 
(Gutterman, 2000). The influences of maternal phenotypic effects may occur via structure 512 
or physiology. The maternal tissues that are surrounding the developing embryo and 513 
endosperm, including the integuments of the ovule and the wall of the ovary, will 514 
eventually form the seed coat, and other accessory seed structures, which are important 515 
determinants of seed dormancy. In contrast, maternal environmental effects, different 516 
environmental conditions the parents experienced prior to dispersal from the parent, can 517 
also cause the difference in seed dormancy even among genetically similar offsprings 518 
(Meyer and Allen, 1999). For example, plant species in habitats with frost and/or drought 519 
were more likely to possess some form of seed dormancy (morphological, physiological, 520 
morpho-physiological, or physical) than species in more benign environments, indicating 521 
that some inheritable genetic traits evolved for seed dormancy (Jurado and Flores, 2005). 522 
Alleviation of dormancy is associated with a widening of the thermal range that favors 523 
germination while induction of dormancy is associated with a narrowing of that thermal 524 
range (Batlla and Benech-Arnold, 2004). Many environmental factors can influence the 525 
seed after-ripening process as on seed dormancy. By sensing those environmental factors 526 
such as soil moisture, temperature and light, seeds are informed about their location in the 527 
soil, whether they are shaded by other plants, the season of the year and other information 528 
relevant to the transition from dormancy to germination (Bradford, 2005; Benech-Arnold 529 
et al., 2000).  Soil temperature is an important factor that affects the dormancy level of 530 
weed seeds (Forcella, 1998). The seed germination rate can be altered by diurnal, 531 
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seasonal temperature fluctuation which breaks dormancy (Leon and Owen, 2003).  Soil 532 
water status is another important environmental factor that influences weed seed 533 
dormancy; obviously this is a function of rain events. Hydration helps to release seed 534 
dormancy during rigid ryegrass (Lolium rigidum) seed after-ripening, with longer, earlier 535 
and more frequent hydration events resulting in greater seed dormancy loss (Gallagher et 536 
al., 2004). Longer and earlier hydration promoted greater dormancy loss than a shorter 537 
hydration, no hydration or a hydration later during the after-ripening process. Little 538 
information is available on the influence of above-mentioned factors on common 539 
waterhemp seed dormancy releasing patterns. 540 
Effects of herbicide resistance on common waterhemp fitness 541 
Plant fitness is defined as a plant’s genetic contribution to the next generation (Heil, 542 
2002). Relative fitness of herbicide-resistant (R) and susceptible (S) weed biotypes 543 
influences the frequency of herbicide resistant alleles in the plant population, and thus is 544 
an important parameter in predicting the rate of resistance evolution in weed populations 545 
(Gressel and Segel, 1978; Gill et al., 1996). The reasons why a fitness cost would be 546 
associated with herbicide resistance allele (s) has been summarized as follows: 1) 547 
herbicide resistance-conferring mutations in herbicide target enzymes may interfere with 548 
normal plant functions or metabolism (Vila-Aiub et al., 2009; Cohan et al., 1994; 549 
Groeters et al., 1994; Chevillon et al., 1995); 2) herbicide resistance as a defense function 550 
could divert resources away from growth and reproduction (Coley et al.,1985; Chapin III 551 
et al., 1993; Herms and Mattson, 1994) and 3) pleiotropic effects of the herbicide 552 
resistance allele (s) may alter ecological interactions such as making plants less attractive 553 
to pollinators (Purrington, 2000; Strauss et al., 2002). 554 
However, the research results describing the fitness costs of herbicide resistances are not 555 
consistent and varied with weed species, herbicide resistance mechanisms, herbicide 556 
groups, experimental design (competitive/non-competitive) and even the weed growth 557 
stages (Vila-Aiub et al., 2005, 2009; Westhoven et al., 2008; Parks et al., 1996; Parks et 558 
al., 2004). For many herbicides (e.g. sulfonylureas [SU]), it has been difficult to detect 559 
any fitness penalty attributable to herbicide resistance (Gill et al., 1996). However, for 560 
target site resistance to triazine herbicides, a wealth of studies have documented fitness 561 
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costs attributable to reduced photosynthetic potential, growth rates, resource competitive 562 
ability and sexual reproduction (Holt and Thill, 1994; Vila-Aiub et al., 2009). 563 
 564 
Under non-competitive conditions, studies of several populations of dinitroaniline (DNA) 565 
R and S biotypes of goosegrass (Eleusine indica) found no differences between biotypes 566 
for all plant characteristics measured except for inflorescence weight (Harris et al., 1995).  567 
In a similar study, growth of acetolactate synthase (ALS) inhibitor herbicide R and S 568 
downy brome (Bromus tectorum) biotypes were similar on the basis of shoot dry weight, 569 
leaf area, and plant height (Parks et al., 2004).  570 
 571 
In contrast, ecological fitness costs are more evident under intense resource competition if 572 
an herbicide resistance allele(s) results in impaired ability to capture resources (Vila-Aiub 573 
et al., 2009; Weiner, 1990; Reboud and Till-Bottraud, 1991; Baldwin, 1998; Glawe et al., 574 
2003).  Importantly, fitness costs for specific herbicides in some weed species could be 575 
detected only in certain growth stages of the plants.  For example, an triazine-sensitive 576 
(TS) common lambsquarters (Chenopodium album) biotype achieved greater height, leaf 577 
area, and plant dry weight than the triazine-resistant (TR) biotype for the majority of 578 
harvest dates; however, the growth advantage for TS plants was not observed as the 579 
plants reached maturity (Parks et al., 1996).    580 
 581 
Surprisingly, very little research has been conducted on the impact of herbicide resistance 582 
on ecological fitness in common waterhemp. The dioecious nature of common waterhemp 583 
has contributed to the difficulties of the successful control of this notorious weed, since 584 
dioecy supports genetic diversity and facilitates the adaptation of the weed to the repeated 585 
use of the same herbicide or herbicides with the same mode of action (Foes et al., 1998; 586 
Hager et al., 1997; Nordby et al., 2007). Common waterhemp demonstrates the results of 587 
the genetic diversity attributable to dioecious sexual reproduction by having evolved 588 
resistance to six different herbicide modes of action, including ALS-inhibiting herbicides, 589 
photosystem II-inhibiting herbicides, protox-inhibiting herbicides, glyphosate, synthetic 590 
auxins and, most recently, 4-HPPD inhibiting herbicides (Heap, 2012, Foes et al. 1998, 591 
Shoup et al., 2003; Patzoldt et al., 2005; Hausman et al., 2011). Furthermore, multiple 592 
herbicide resistances have been confirmed in specific populations of this troublesome 593 
weed species (Foes, 1998; Patzoldt et al., 2005; Legleiter and Bradley, 2008).  594 
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Fitness costs in seed germination  595 
Herbicide resistance has been documented to affect seed germination rate, seed sensitivity 596 
to germination condition as well as total seed germination percentage which influence the 597 
relative fitness of the species (Vila-Aiub et al., 2005; Parks et al., 2004). Past studies have 598 
documented differential germination and emergence between S and R phenotypes (Parks 599 
et al., 2004; Alcocer-Ruthling et al., 1992). In rigid ryegrass (Lolium rigidum), seeds with 600 
the target-site ACCase resistance did not germinate at constant temperatures and had the 601 
highest base temperature (Tb) for germination compared with S- and non-target site P450 602 
R populations. The target-site ACCase R population also required more time to reach 50% 603 
emergence (tE50) than the S- and P450-phenotypes (Vila-Aiub et al., 2005).  Additionally, 604 
the germination of R populations tended to be less affected by conditions less favorable 605 
for germination. For example, no differences in germination were seen when seeds 606 
germinated under alternating temperature with a 12 hours photoperiod. However, in the 607 
absence of light, total germination and seedling emergence in the target-site ACCase R 608 
phenotypes were markedly inhibited compared with the S and P450 phenotypes (Vila-Aiub 609 
et al., 2005). In another study comparing seed germination of downy brome (Bromus 610 
tectorum) R and S phenotype at 5, 15, and 25 C, no differences were found with the 611 
exception at 5 C where the R biotype germinated 27 hour (h) earlier than the S biotype 612 
and reached over 60% of the total germination by the time the S biotype initiated 613 
germination (Parks et al., 2004).  However, little information is available about the 614 
differential seed germination of herbicide R and S common waterhemp populations.  615 
Fitness cost in plant growth  616 
Previous research is not consistent on fitness costs of herbicide resistance on plant growth. 617 
Fitness penalties in plant growth that are associated with herbicide resistance have been 618 
documented in plenty of species (Vila-Aiub et al., 2005; Parks and Mallory-Smith, 2005). 619 
For example, comparing triazine S and R biotypes of smooth pigweed (Amaranthus 620 
hybridus L.) that were grown in the field under competitive conditions with different 621 
initial proportion of R and S biotypes, R phenotypes had lower growth rates and 622 
accumulated less above ground biomass than S phenotypes (Ahrens and Stoller, 1983). 623 
However, fitness penalty in plant growth was not detected in some of the studies under 624 
certain conditions (Shrestha et al., 2010; Ashigh and Tardif, 2009; Parks et al., 2004). For 625 
example, no difference in fitness cost was found in the growth of horseweed (Conyza 626 
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canadensis) populations that were resistant to glyphosate, ALS-inhibiting herbicides, or 627 
evolved multiple resistances (glyphosate + ALS-inhibiting herbicides) (Davis et al., 2009).  628 
What is more, fitness penalties attributable to herbicide resistance seems to be more 629 
evidenced in some plant growth characters than others, or are easier to be detected during 630 
certain plant growth stages. For example, imidazolinone S prairie sunflower (Helianthus 631 
pauciflorus) had slightly higher photosynthesis rates and greater plant heights than that of 632 
the R biotypes. However, the R and S phenotypes were similar in relative growth rates, 633 
net assimilation rates, leaf area, and total dry weight (Massinga et al., 2005). Furthermore, 634 
in some species, the fitness cost associated with herbicide resistance was not consistent 635 
throughout the whole life cycle of plants but tended to be more in evidence during certain 636 
growth stages. For example, under greenhouse conditions, imidazolinone S smooth 637 
pigweed had an advantage in vegetative growth during the early development stages, 638 
however the fitness penalty in vegetative growth was not confirmed in the field (Poston et 639 
al., 2002).  640 
Fitness cost in plant reproductive success 641 
Reproduction characteristic should be an indispensable part when measuring plant fitness 642 
(Holt, 1990). The plants with higher fitness are thought to contribute more of their genes 643 
to the gene pool of the population (Radosevich et al., 1997). The corresponding effects of 644 
herbicide resistance on the reproductive success of plants have been documented but not 645 
in all weed species. On some weed species under certain growth conditions, almost no 646 
fitness penalties in reproductive success were detected (Pederson, 2007). However, 647 
herbicide resistance has been reported to affect plant reproductive success in many other 648 
weeds, especially in many triazine TR weeds. For examples, TR downy brome produced 649 
71% of seeds of TS downy brome (Parks and Mallory-Smith 2005); the TR jimsonweed 650 
(Datura stramonium) produce 42% of total reproductive biomass of the TS plants 651 
(Williams et al., 1995). Similar reproductive fitness cost was demonstrated in common 652 
waterhemp; the TR plants produced 70% of reproductive biomass and 61% of seed of the 653 
TS phenotype. The fitness penalty associated with triazine resistance was more related to 654 
reproductive success than to vegetative growth (Duff et al., 2009). Compared to the many 655 
fitness studies on TR weed species, less fitness data are available concerning other 656 
herbicides resistances such as glyphosate and PPO inhibitors, as well as other weed 657 
24 
species such as common waterhemp.  658 
For example, in rigid ryegrass even though R phenotypes showed superior vegetative 659 
growth at early growth stages, there were no differences in seed production for Gly R 660 
biotypes indicating that the fitness cost in vegetative growth can be compensated when 661 
reproductive growth is initiated (Westhoven et al., 2008). Considering that common 662 
waterhemp has evolved resistance to six herbicide modes of action, it is worthy to explore 663 
the possibility of fitness penalties in these R biotypes.  Understanding if fitness penalties 664 
are associated with herbicide resistance in common waterhemp may provide data that are 665 
useful for improving the control of R common waterhemp.   666 
Research objectives 667 
Common waterhemp seeds have a discontinuous emergence pattern and are able to 668 
germinate later in the season than many summer annual weed species. The prolonged 669 
emergence pattern of common waterhemp results in several cohorts throughout the 670 
growing season, which are exposed to different environments. Therefore, one objective of 671 
this study was to document the variability in ecological and life history traits in different 672 
common waterhemp cohorts. The questions that interested us were: Do later common 673 
waterhemp cohorts differ from earlier cohorts in their life history traits especially 674 
reproductive biology including flowering phenology, seed maturation, seed production? 675 
Since the environments that mother plants experienced during seed development, has 676 
been noted to affect seed dormancy and germination, we investigated if seed germination 677 
and dormancy characteristics vary among seeds produced from different cohorts. We 678 
hypothesized that cohort effects can be carried into future generations and thus influence 679 
future common waterhemp infestations. 680 
 681 
For the second objective, we explored the ecological fitness associated with glyphosate 682 
and PPO inhibitor herbicide resistance in common waterhemp populations.  The impact 683 
of herbicide resistance on ecological fitness is currently poorly understood.  Our objective 684 
was to determine whether fitness penalties associated with glyphosate and PPO inhibitor 685 
herbicide resistance in common waterhemp exist, and also whether this fitness cost is 686 
trait-specific and life stage-specific. We propose that glyphosate or PPO-inhibitor 687 
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herbicide R and S common waterhemp populations will differ in seed germination and 688 
dormancy characteristics, vegetative and reproductive success. 689 
 690 
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CHAPTER 2 EFFECTS OF EMERGENCE TIMING ON THE REPRODUCTIVE 1089 
PHENOLOGY AND SUCCESS OF COMMON WATERHEMP (AMARANTHUS 1090 
TUBERCULATUS (MOQ) SAUER) IN THE MIDWEST UNIVTED STATES  1091 
 1092 
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 1095 
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Abstract 1097 
Field studies evaluated temporal variation in vegetative growth, flowering pattern and 1098 
reproductive biology of natural common waterhemp populations. Common waterhemp 1099 
emergence was closely correlated with rain events, and growing degree day (GDD), soil 1100 
degree day (SDD) and precipitation are important factors that influence the extent of 1101 
weed emergence. Later common waterhemp cohorts transitioned from vegetative growth 1102 
to flowering quicker and had a relatively shorter flowering period than early cohorts.  1103 
Flowering synchrony differed among cohorts and between years. Flowering 1104 
synchronization may contribute to higher reproductive success in common waterhemp.  1105 
Common waterhemp cohorts exhibited a pulsed flowering pattern with multiple flowering 1106 
peaks in both years: 2009 flowering pattern showed up to 7 distinct flowering pulses 1107 
within 40 d and 2010 flowering pattern showed about 8 flowering pulses scattered over a 1108 
60 d period. The flowering pattern of common waterhemp was influenced by temporal 1109 
distribution of rain events, suggesting that common waterhemp development is plastic 1110 
enough to tailor flowering to variable environmental conditions for pollination. 1111 
Although plant size decreased in later cohorts, common waterhemp maintained high seed 1112 
production throughout the growing season and generated viable seeds as long as growing 1113 
conditions permitted. Seed production for common waterhemp populations was more 1114 
influenced by plant emergence timing, while individual plant seed production was more 1115 
affected by common waterhemp population densities. 1116 
35 
 Introduction 1117 
To manifest reproductive success, each weed has its own evolutionary characteristics in 1118 
adaptation to husbandry or cultural practices. These adaptations include but are not 1119 
limited to prolonged germination periods, rapid vegetative growth rate, high seed 1120 
production, and seed dormancy and resultant longevity in the soil. Common waterhemp 1121 
(Amaranthus tuberculatus (Moq) Sauer) has all the hallmarks of a problematic weed, as 1122 
described above. Thus there is no wonder that it is increasinGly a threat to the agronomic 1123 
production systems throughout the Midwestern United States (Heap, 2012).  Common 1124 
waterhemp populations of 200 plants/m2 decreased soybean yield by 43% (Hager et al., 1125 
2002), and a population of 8 plants/m of row emerging with soybean reduced yield by up 1126 
to 56% (Bensch et al., 2003).   1127 
 1128 
The life cycle of a weed and the crop phenology are important information when 1129 
developing long term management programs for weeds in a cropping sequence (Bauer 1130 
and Mortensen, 1992). Targeting weeds at their most vulnerable growth stages would 1131 
maximize the effect of weed management strategies and possibly decrease control costs. 1132 
Seedling emergence is critical during plant life cycle since it often determines subsequent 1133 
plant performance and success (Harper, 1977; Weiner, 1988). Many studies have been 1134 
conducted to improve our knowledge of the effect of emergence timing on common 1135 
waterhemp reproductive success (Hartzler et al., 2004; Uscanga-Mortera et al., 2007; 1136 
Steckel and Sprague, 2004). However, there are at least two aspects that prevent us from 1137 
getting the complete picture of the extended weed emergence pattern. First, for species 1138 
that have extended emergence patterns, the earliest cohort is thought to contribute most to 1139 
competition and the latest cohort contributes most to seed return (Grundy, 2002). 1140 
However, many of the previous studies agreed that late emergence timing had a 1141 
significant disadvantage in seedling growth and fecundity (Verdu and Traveset, 2005). 1142 
Little information is available on potential ecological significance in later emergence 1143 
timing.  Second, most of the previous studies that investigated common waterhemp cohort 1144 
seed production, whether involving crop competition or not, were conducted under 1145 
controlled conditions in which common waterhemp seeds were sown and population 1146 
density was controlled (Uscanga-Mortera et al., 2007; Hartzler et al., 2004).  However, it 1147 
is important to examine the effect of emergence timing on plant life history traits in 1148 
36 
natural weed populations, which is of more relevant to practical agriculture than 1149 
controlled conditions. Importantly, the temporal-spatial distribution of weeds under 1150 
controlled conditions may be different from that found in the field (Espeby, 1989; 1151 
Jornsgard et al., 1996).   1152 
As a species with extended emergence pattern, the effect of emergence timing on life 1153 
history traits and especially reproductive phenology of naturally emerged common 1154 
waterhemp have seldom been documented.  What is the emergence pattern of natural 1155 
common waterhemp population in the field? What is the flowering pattern of natural 1156 
common waterhemp cohorts?  How do emergence and flowering pattern influence 1157 
common waterhemp reproductive success? Do different cohorts adopt different life 1158 
strategies throughout the growing season and thus affect the crop differentially?  To 1159 
answer these questions, the first objective of this study was to determine the emergence 1160 
pattern of natural common waterhemp cohorts. The second objective was to determine the 1161 
extent to which plants with different emergence timing differ in flowering phenology, 1162 
especially the flowering initiation time and duration. The third objective of this study was 1163 
to compare the reproductive output of common waterhemp populations and individuals of 1164 
each cohort. 1165 
Materials and methods 1166 
Establishment of common waterhemp cohorts and measurement of weather 1167 
conditions  1168 
Common waterhemp cohort studies were conducted in 2009 and 2010 at the Iowa State 1169 
University Curtiss Farm near Ames, IA (42° 1' N, -93° 35' W). The soil type was a 1170 
Canisteo, Nicollet, Clarion loam (fine loamy, mixed, mesic Typic Haplaquall) with 5% 1171 
organic matter (Taylor and Hartzler, 2000). Corn was planted in May 6 in 2009 and April 1172 
29 in 2010. During our two-year study, 56 and 59 rain events were observed in 2009 and 1173 
2010, respectively and each of them may have induced some weed flushes depending on 1174 
when the event occurred. However, to simplify the study and better manage the work, we 1175 
only traced 5 major cohorts each year. Here, 'cohort' is defined as a group of common 1176 
waterhemp seedlings which emerged on or near the same day as the result of seed 1177 
germination induced by the same environmental conditions such as a rainfall event. 1178 
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Cohorts were arbitrarily established at emergence intervals, which are assessed by field 1179 
observations and correlated with rainfall events. Each cohort was established by counting 1180 
and marking all common waterhemp seedlings that emerged at the designated period 1181 
within three 3m × 3m quadrates. Seedling emergence was defined as full expansion of 1182 
two cotyledons. After designating the plot for the first common waterhemp cohort, corn 1183 
seedlings within the three designated plots were pulled out by hand without disturbing the 1184 
soil. After establishing the first cohort, glyphosate (1.54 kg a.i.) was applied to the area 1185 
designated for later cohorts using a backpack sprayer with a carrier volume of 5.28 liter 1186 
per acre and XR11003VS nozzle tips.  Later emerged common waterhemp seedlings and 1187 
also other weeds within an established cohort were removed by hand throughout the rest 1188 
of the growing season without disturbing the soil.  1189 
 1190 
 Daily precipitation, air and soil temperatures at 2 cm soil depth were measured by using 1191 
a rain gauge (TE525WS-L Sensor - Texas Electronics) and a 107-L sensor (Campbell 1192 
Scientific), respectively. Data were collected on site with a data logger (CR23X - 1193 
Campbell Scientific).  Growing degree days (GDD) were calculated as described in 1194 
previous literature (Uscanga-Mortera et al., 2007) using the equation:  1195 
GDD =∑ [(Tmax - Tmin)/2] [Equation 1] 1196 
where Tmax is the maximum temperature, and Tmin is the minimum temperature for each 1197 
day from first cohort emergence through the end of the study. Temperatures below 10C 1198 
were set at 10C (base temperature), and temperatures above 30 ̊C were set at 30 ̊C (ceiling 1199 
temperature).  1200 
 1201 
Soil degree days (SDD) were also calculated as the independent variable used to predict 1202 
cumulative emergence. Soil degree days were calculated as described in previous 1203 
literature (Myers et al., 2004) using the equation:  1204 
SDD =∑ [Tmean - Tbase] [Equation 2] 1205 
 where Tmean is the average of the maximum soil temperature and minimum soil 1206 
temperature of the day, and Tbase is the base temperature. Here we set Tbase at 9 ̊C, which 1207 
was used in a previous study studying 8 different annual species including smooth 1208 
pigweed (Amaranthus hybridus).  1209 
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Flowering phenology  1210 
Flowering phenology usually measures spatial and temporal variation in flower density 1211 
within a population (Kitamoto et al., 2006).  Flowering phenology has four components: 1212 
timing of first flowering, flowering duration period, flowering pattern (flowering 1213 
production over time) and flowering synchrony (overlaps in flowering time among 1214 
individual plants in the population) (Ollerton and Lack, 1998). The flowering date of 1215 
plants was recorded when inflorescences were observed. In 2009, flowering data of 1216 
cohorts were recorded at 3-d intervals until all the plants within the established cohorts 1217 
had initiated flowers. At each 3-d interval, the number of newly opened flowers was 1218 
counted.  In 2010, due to much higher common waterhemp population densities, five 1219 
30cm×30cm sub-quadrate were arbitrarily established and used to sample cohort 1220 
quadrates at 3-d intervals for the duration of flowering.   1221 
Each individual cohort flowering phenology was quantified by counting the number of 1222 
newly flowered plants on 3-d intervals. Flowering synchrony can be on both individual 1223 
plants and at the population level. Flowering synchrony value (Xi) for an individual plant 1224 
measures the overlaps in flowering days between an individual plant and other individuals 1225 
in each cohort.  Individual flowering synchrony was calculated using the method 1226 
modified from Augspurger (1983) and Primack (1980). The synchrony (Xi) for an 1227 
individual plant (i) is given by:  1228 
Xi=(
!!!!) (!!!) e!!!!!!!  [Equation 3] 1229 
Where e!!! is the number of days when plant i and j flowering concurrently; fi is the 1230 
flowering duration time of individual i, which was estimated by the mean of a subsample 1231 
of 4 plants from each plot; and n is the number of plants within each cohort. X=1 gives us 1232 
the highest level of synchrony which indicates that the flowering time of an individual 1233 
plant overlaps completely with all other plants and X=0 describes when there were no 1234 
overlaps. For population synchrony (Z) for a cohort, we simply averaged the individual 1235 
plant synchronies:  1236 
Z= (!!) X!!!  [Equation 4] 1237 
In the equation, n is the number of plants within each cohort, Xi is the individual plant 1238 
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flowering synchrony and is on a scale of 0-1.  1239 
Plant size and seed production  1240 
Five female plants were arbitrarily chosen from each cohort and plant height was 1241 
measured at harvest.  Inflorescences were separated from stems and leaves in the 1242 
laboratory. Leaves and stems were dried for 3 d in a dryer at 35 ̊C and weighed. Seeds 1243 
were removed and divided into two classifications manually by color (light brown, and 1244 
dark brown) due to different maturity levels when harvested) (McWilliams et al., 1968). 1245 
After separation, seeds in each classification were counted and 10000-seed weights were 1246 
determined. Total number of seeds per plant and reproduction effort was determined.  1247 
Reproduction effort is described as reproductive biomass (RB)/(reproductive biomass+ 1248 
vegetative biomass (VB)) (Abrahamson and Gadgil, 1973). The above-ground vegetative 1249 
biomass (stems and leaves) and florescence biomass represented VB and RB, respectively.       1250 
Statistical analysis 1251 
Statistical analyses of data were performed using the SAS software GLIMMIX procedure 1252 
(Version 9.2, SAS Institute Inc. 2008). Data were log transformed if assumptions of 1253 
normality (Shapiro-Wilk test, Shapiro and Wilk, 1965) and homogeneity of variances was 1254 
not met (Brown Forsythe test, Brown and Forsythe, 1974). Differences in seed production, 1255 
plant height, flowering time, reproductive effort were tested with analysis of variance 1256 
(ANOVA). Pair-wise comparisons were subjected to Fisher's LSD test at p=0.05 level. 1257 
Results 1258 
Environmental conditions  1259 
Plants with different emergence timings usually experience different growth 1260 
environments due to temporal fluctuation of water availability, soil and air temperature. 1261 
In our study, later cohorts were exposed to less favorable growth conditions as indicated 1262 
by decreases of SDD, GDD and precipitation as the growing season progressed (Table 1). 1263 
In 2009, SDD, GDD and precipitation for cohort 5 were about 59.4%, 56.3% and 37.9% 1264 
of those for cohort 1 respectively; in 2010, SDD, GDD and precipitation for cohort 5 1265 
were all about 65% of those for cohort 1. 1266 
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Cohort emergence pattern 1267 
Common waterhemp emergence began in late May and continued until early July in both 1268 
2009 and 2010, we only traced five cohorts with relatively higher population densities in 1269 
our study in each year (Figure 1). Emergence of common waterhemp closely correlated 1270 
with rain events; each cohort emergence occurred within a short time period of a rain 1271 
event. During the study, 56 and 59 rain events were observed in 2009 and 2010, 1272 
respectively (Data not shown).  However, for practical concerns, in our study we only 1273 
traced 5 major flushes each year (Figure 1).  Accumulative common waterhemp seedling 1274 
emergence as a function of the emergence time is shown in Figure 2. In 2009, the 1275 
contribution of the emergence of each common waterhemp cohort to the annual total 1276 
emergence was approximately 33%, 19%, 16%, 20%, and 12% for cohort 1 to 5, 1277 
respectively (Table 2). In 2010, the percent of total emergence for each cohort was 34%, 1278 
27%, 13%, 17%, and 9% for cohorts 1 to 5, respectively (Table 2). Total common 1279 
waterhemp emergence reached 50% by cohort 2 which emerged on 5/29 in 2009 and 6/6 1280 
in 2010 (Figure 2). While timing of common waterhemp emergence was profoundly 1281 
affected by rain events, how many plants that emerged annually seemed to be affected by 1282 
all the hydrothermal factors such as air temperature (GDD), soil temperature (SDD), and 1283 
soil moisture (accumulative precipitation). As shown in Figure 3, there was a positive 1284 
linear relationship between common waterhemp cohort accumulative emergence and 1285 
GDD, SDD and accumulative precipitation; 50% emergence occurred at 242 SDD, 296 1286 
GDD and 109 mm cumulative precipitation in 2009 respectively and at 412 SDD, 672 1287 
GDD and 113 mm cumulative precipitation in 2010 respectively (Figure 3 and Table1). 1288 
Flowering phenology 1289 
In our study, we found that the occurrence, duration and synchrony of flowering differed 1290 
significantly among the cohorts (Table 3 and Figures 4 and 5).  Later cohorts had earlier 1291 
flowering initiation times than earlier cohorts: Initiating time for flowering in cohort 5 1292 
was about 27 days after emergence for both years, which was only half of that for cohort 1293 
1, which was 54 days and 47 days for 2009 and 2010, respectively (Figure 4 and Table 2). 1294 
GDD seemed to be an important factor that affects flowering initiation time. We observed 1295 
a nearly linear positive relationship between GDD that plants accumulated during 1296 
vegetative growth and flowering initiation time of cohorts (data not shown).  As less 1297 
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GDD accumulated in later cohorts, common waterhemp initiated flowering and 1298 
transitioned into reproductive growth sooner.  1299 
The duration of flowering period for each cohort nicely reflected the GDD that they 1300 
accumulated. As lesser GDD was accumulated by later cohorts, the temporal distribution 1301 
of flowering events appeared more condensed. Flowering duration period was shorten in 1302 
later cohorts, which were about 30, 25, 28, 27, and 17 days for cohort 1 to cohort 5 1303 
respectively in 2009 and 57, 38, 30, 27, and 25 days for cohort 1 to cohort 5 respectively 1304 
in 2010  (Table 2 and Figure 4). What is worthy of noting is that there was a yearly 1305 
difference in flowering initiation and ending dates. For example, in 2009 the first 1306 
common waterhemp cohort emerged on 5/22 and flowered in early July about 42 days 1307 
after emergence, while in 2010, the initiation of flowering for the first cohort occurred in 1308 
mid-June, which was 25 days after emergence (Figure 4 and Table 2).  1309 
 1310 
Generally, common waterhemp cohorts exhibited a pulsed flowering pattern (Michalski 1311 
and Durka, 2007) with multiple flowering peaks in both years: 2009 flowering pattern 1312 
showed up to 7 distinct flowering pulses within 40 days and the 2010 flowering pattern 1313 
showed about 8 flowering pulses scattering over a 60 day period. The duration of single 1314 
pulses varied between 1 and 3 days (Figure 5). For flowering synchrony, cohorts differed 1315 
significantly in population synchrony for both years (Table 3). The 5 cohorts ranged in 1316 
the population synchrony from 0.60 to 0.73 in 2009 and 0.65 to 0.73 in 2010 on a scale of 1317 
0-1 (Table 4). The yearly difference in synchrony values for 2009 and 2010 common 1318 
waterhemp populations was probably due to the significant difference in environmental 1319 
conditions during flower duration period.  1320 
Seed production  1321 
Seed production was measured both at the population level and for individual plants. Seed 1322 
production per area only differed among cohorts in 2009. In 2010, there was no 1323 
significant difference in seed production per m2 between early and later cohorts (Table 2). 1324 
However, seed production per plant differed significantly among the cohorts in 2009 and 1325 
2010 (Table 3 and Figure 6).   1326 
 1327 
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For seed production at the population level, a decrease in seed production for weeds that 1328 
emerge later in the growing season was observed in our study.  However, we experienced 1329 
an unanticipated problem with deer (Odocoileus virginianus) feeding on cohort 1 for 1330 
2009 and flooding on cohort 2 for 2010.  Seed production per m2 was 220000 to 430000 1331 
for early cohorts but only 105000 in last cohort in 2009; in 2010, seed production per m2 1332 
was 530000 to 830000 in early cohorts and 410000 in last cohort (Table 4). The last 1333 
cohort that emerged in early July produced 75% fewer seeds compared with most fecund 1334 
earlier cohorts in 2009 and 50% less seeds of most fecund earlier cohort in 2010 (Table 4). 1335 
If only 1 to 5% of those newly produced seeds are allowed to germinate from soil seed 1336 
bank annually, approximately 2000, 4300, 3500, 2300 and 1000 plants/m2 could be 1337 
predicted for the following year for cohort 1 to cohort 5 respectively (Leon and Owen, 1338 
2006; Forcella et al., 1997). 1339 
 1340 
 For seed production at the individual level, common waterhemp plants were able to 1341 
maintain relatively high seed production almost throughout the whole growing season, 1342 
and were able to generate large numbers of seeds even with a much smaller plant size 1343 
(Figure 6 and 7 and Table 4). We did not observe reduced seed production at the single 1344 
plant level in later cohorts. Instead, an individual plant in later cohorts surprisingly 1345 
produced more seeds than plants from early cohorts. For example, in both years, a female 1346 
plant that emerged as late as early July produced almost the same or more seeds than 1347 
plants that emerged in late May and mid to late June (Figure 6 and Table 4). This higher 1348 
individual plant fecundity in later cohorts was likely due to less intra-specific competition 1349 
as a result of lower common waterhemp population densities.  1350 
Discussion  1351 
Environmental conditions and emergence pattern  1352 
In environments with unpredictable fluctuations in natural resources such as water and 1353 
nutrient availability, timing of seed germination is a crucial trait affecting plant 1354 
survivorship, growth, flowering phenology, and reproductive success (Meyer et al., 1995; 1355 
Hartzler et al., 2004). This may due to the fact that plants with different emergence 1356 
timings (cohorts) tend to experience different environmental conditions, such as changes 1357 
in GDD, SDD and cumulative precipitation (Lacey, 1982; Ruhren and Dudash, 1996). 1358 
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Therefore, we were not surprised to see the significant differences in different life history 1359 
traits such as plant height, flowering time and seed production among cohorts (Table 2). 1360 
 1361 
Emergence patterns of natural weed populations are important information that could be 1362 
incorporated into either mechanistic or empirical models that predict weed emergence. 1363 
Weed emergence prediction models are valuable in making crop management decisions 1364 
such as timing of planting, tillage, and herbicide applications (Myers et al., 2005). A 1365 
previous study reported a discontinuous common waterhemp emergence pattern (Hartzler, 1366 
1999). In our study, common waterhemp had an extended emergence pattern as 1367 
previously reported; the emergence was induced by rain events, starting in late May and 1368 
continuing into early July (Figure 2) (Hartzler, 2004).  What is worthy of noting is that 1369 
there were dramatic differences in the number of emerged common waterhemp between 1370 
years; the common waterhemp population densities for 2010 cohorts were 14 to 29 times 1371 
greater than those in 2009 (Table 2).  1372 
 1373 
Previous studies have demonstrated that light, soil moisture and temperature are among 1374 
the most important environmental factors influencing seed germination timing (Baskin 1375 
and Baskin, 1998; Grime et al., 1981; Meyer, 1990). In our study, we were also able to 1376 
find a quantitatively correlated relationship between light, soil moisture and temperature.  1377 
There was a positive linear relationship between common waterhemp cohort 1378 
accumulative emergence and GDD, SDD and accumulative precipitation, which directly 1379 
regulate weed seed dormancy levels and affect weed seed germination patterns (Figure 3). 1380 
A model that integrates these three factors would be valuable in predicting common 1381 
waterhemp emergence in the field and thus needs to be developed. 1382 
Flowering phenology 1383 
Flowering is a predictor of reproductive potential and final seed yield (Adamsen and 1384 
Coffelt, 2005).  Common waterhemp is a wind-pollinated plant, and wind pollination is 1385 
considered as inefficient because it is mostly an undirected process influenced 1386 
significantly by abiotic factors (Whitehead, 1969; Faegri and van der Pijl, 1979). 1387 
However, some unique common waterhemp flowering characteristics help to prevent the 1388 
shortcomings of anemophilous pollen transfer and thus make common waterhemp a 1389 
rather fecund species. In this paper, we will focus our discussion on the four components 1390 
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in flowering phenology: timing of first flowering, flowering duration period, flowering 1391 
pattern (flowering production over time) and flowering synchrony (overlaps in flowering 1392 
time among individuals in the population)  (Ollerton and Lack, 1998).  1393 
According to previous studies for other weed species, photoperiod, temperature and 1394 
moisture level are important factors that influence flower initiation, flowering duration, 1395 
and flower numbers (Mueller and Witt, 1987; Huff and Dybing, 1980). In our study, we 1396 
found that emergence timing had a significant effect on flowering initiation time. Later 1397 
common waterhemp cohorts transitioned from vegetative growth to flowering much faster 1398 
than earlier cohorts, at a significantly smaller plant size. Earlier initiation of reproductive 1399 
growth in later cohorts resulted in a relatively longer reproductive stage, and thus 1400 
reflected the ecological plasticity of common waterhemp (Narita, 1998; Donohue, 2005).  1401 
 1402 
Similar plasticity in phenology for later-emerged plants has been reported in other species 1403 
such as in Blepharis sindica. Later Blepharis sindica cohorts started each phenological 1404 
stage earlier while earlier cohorts had a longer duration for each growth stage (Narita, 1405 
1998).  Such phenological plasticity results in overlaps in flowering durations between 1406 
cohorts and lead to an extended flowering period in common waterhemp.  Extended 1407 
flowering period in Lobularia maritima is known to be associated with advantages, such 1408 
as providing adequate conditions for flowering which lead to lower outcrossing fecundity 1409 
rates and geitonogamy rate, and lower chance of reproductive failure (Pico ́ and Retana, 1410 
2001). Flowering phenological plasticity is of great significance especially when 1411 
considering the rapid evolution of herbicide resistance in this wind-pollinated species. As 1412 
a dioecious species, common waterhemp has been documented to hybridize with other 1413 
Amaranthus species under field conditions (Trucco et al., 2005). Therefore, we believe 1414 
that a long flowering duration can facilitate or even expedite the evolution of herbicide 1415 
resistance; plants that escape one pass of herbicide selection in the early season can pass 1416 
their resistant genes to plants that emerged even at the very late part of the growing 1417 
season, simply due to the strong overlaps between their flowering periods.  1418 
  1419 
For flowering pattern, there are mainly two flowering patterns that are commonly seen in 1420 
plants; one is “mass-flowering” in which, species flower massively in a brief period and 1421 
the other is “steady-state flowering” in which species spread their flowering events over a 1422 
longer period (Janzen, 1967; Gentry, 1974; Augspurger, 1983). According to our study, 1423 
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common waterhemp seems to fall into the category of steady-state flowering (Figure 5). 1424 
More specifically, common waterhemp cohorts exhibited pulsed flowering pattern with 1425 
multiple flowering peaks in both years.  As an evolutionary characteristic, pulsed 1426 
flowering has been found to be in coincidence of a strong increase of humidity and 1427 
elevated temperatures (Graebner, 1934). In fact, environmental cues can influence or even 1428 
determine the amount of pollen that wind-pollinated plants release (Bianchi et al., 1959; 1429 
Faegri and van der Pijl, 1979; Whitehead, 1983; Cox, 1991; Culley et al., 2002). In our 1430 
study, a majority of flowering events happen at a time with relatively lower humidity 1431 
levels, although a few flowering peaks did coincide with some rain events (Figure 5). As 1432 
a wind-pollinated plant, common waterhemp pollination largely depends on favorable 1433 
weather conditions. The selection of pulsed flowering pattern therefore is beneficial 1434 
because it allows common waterhemp to tailor flowering events from inadequate 1435 
pollination environments such as during rainfall and thus increases the reproductive 1436 
success. Similar to discontinuous emergence patterns, pulsed flowering pattern is also 1437 
thought to be a risk-spreading strategy for plants to avoid harsh environmental conditions 1438 
and decrease the rate of reproductive failure (Michalski and Durka, 2007). Therefore, the 1439 
extended flowering duration of common waterhemp can be interpreted as an adaptation to 1440 
increase the chances of reproduction in an environment with high and unpredictable 1441 
rainfall (Pico ́ and Retana, 2001).  1442 
 1443 
High flowering synchrony is demonstrated to be associated with greater pollination 1444 
success in Hybanthus prunifolius (Violaceae) (Augspurger, 1981). In our two-year study, 1445 
we found a yearly difference in the flowering synchrony of common waterhemp cohorts. 1446 
In 2009, cohort 5 had the highest synchronous flowering pattern with the value of 1447 
synchrony up to 0.73 while synchrony for earlier cohorts ranged from 0.6 to 0.67.  1448 
However in 2010, cohort 5 had the least asynchronous flowering pattern with synchrony 1449 
value of 0.65 while synchrony of earlier cohorts varied from 0.68 to 0.73 (Table 4). 1450 
Yearly differences in flowering phenology have been documented in other species such as 1451 
Lohularia maritimab (Ollerton and Lack, 1992). Therefore, we suspect that it’s more 1452 
likely that the flowering patterns of common waterhemp cohorts are attributed to 1453 
phenotypic plasticity in response to variation of environmental cues than to genetic 1454 
variability (Donohue, 2005; Miner et al., 2005). 1455 
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Seed production  1456 
Seed production can be influenced by extrinsic factors such as resource availability, 1457 
pollination success, and predation, and intrinsic factors such as emergence timing, 1458 
population mortality, plant size, and reproductive phenology (Lee and Bazzaz, 1982; 1459 
Lawrence, 1993; Narita, 1998; Cook 1980; Uscanga-Mortera et al., 2007). The effect of 1460 
emergence timing on common waterhemp seed production has been documented in many 1461 
studies, which agree that later cohorts are inferior to earlier cohorts in reproductive 1462 
success (Hartzler et al., 2004; Steckel and Sprague, 2004; Uscanga- Mortera et al., 2007). 1463 
Seed dormancy level is a very important trait that influences emergence timing of plants 1464 
and eventually affects plant reproductive success. Generally, late emergence timing may 1465 
negatively influence plant emergence, vegetative growth, reproductive phenology, plant 1466 
size and eventually seed production, because later-established plants may suffer from 1467 
decreases in rainfall, temperature and day length as well as more extensive suppression 1468 
from earlier established plants (Cook, 1980).   1469 
 1470 
Plants respond to increasing population density through an increase in mortality or a 1471 
plastic response in the reproductive capacity of individuals (Watkinson and Harper, 1978). 1472 
Competition has been known to have profound influence on crop reproductive behaviors 1473 
by decreasing seed production, changing reproduction timing, changing reproduction 1474 
allocation and even changing plant mating behaviors (Weiner, 1998).  In our study, we 1475 
were able to demonstrate changes in seed production as well as reproductive efforts of 1476 
common waterhemp populations as influenced by population densities.  1477 
 1478 
First, early cohorts with much higher population densities have higher seed production 1479 
per unit area, but seed production per individual plant was surprisingly higher in later 1480 
cohorts (Table 4 and Figure 6). However, this is not always the case, since the weed 1481 
population seed production is the trade-off between population densities and single plant 1482 
seed production, as demonstrated in sesame (Sesamum indicum L.) (Adebisi et al., 2005). 1483 
Seed yield per sesame plant at 166,667 plants ha-1 was higher than that obtained at 1484 
133,333 plants ha-1. However, further increase of population density to 266,667 plants  1485 
ha-1 resulted in a reduction in yield. While plant population densities prominently 1486 
influenced seed production at the population level, individual plant fecundity was more 1487 
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affected by other cohort effects such as plant size and amount of interference by 1488 
surrounding plants (Uscanga-Mortera et al., 2007). Decreases in plant height nicely 1489 
reflected the inferior environments (decreased GDD, SDD and accumulative precipitation) 1490 
later cohorts experienced (Table 1 and Figure 7). However, even though plant size 1491 
decreased significantly in later cohorts, individual plant seed production was surprisingly 1492 
higher in later cohorts indicating that the size-dependent reproductive success may not 1493 
exist in common waterhemp.   1494 
 1495 
In a Minnesota study which was similar to the Ames studies and free of interspecific 1496 
competition, common waterhemp seed production per plant was much higher than what 1497 
we observed in our studies (Uscanga-Mortera et al., 2007). In the Minnesota study, seed 1498 
production per plant was 476,000, 198,900, 244,400 and 76,900 for common waterhemp 1499 
cohorts that emerged at VE, V2, V5 and V9 stage of corn respectively, and 547,800, 1500 
334,500, 180,300 and 33,500 for VE, V3, V5, V8 stage of soybean, respectively. The 1501 
difference between studies could be due to the significant difference in common 1502 
waterhemp population density, which was only 5.2 plants/m2 in the Minnesota study 1503 
while the population densities in the Ames studies were up to 250 plants/m2.  Higher 1504 
weed population densities may result in resource deficiencies such as nitrogen or water 1505 
stress and thus significantly reduce plant reproductive success (Cordes et al., 2004). 1506 
 1507 
The effect of common waterhemp population densities on single plant seed production 1508 
was illustrated in the regression model for individual plant seed production and plant 1509 
population densities (Figure 8). The higher the plant population density, the fewer seeds a 1510 
single plant produces. However, when plant population densities reached a certain level, 1511 
seed production per plant is no longer sensitive to plant population density and thus seed 1512 
production does not decrease further (Figure 8). The negative relationship between 1513 
individual plant fecundity and population density, is probably due to a self-thinning 1514 
mechanism, which is defined as the reduction in a plant population density caused by the 1515 
high mortality rate associated with high population densities (Hughes and Griffiths, 1988). 1516 
It is likely that when population density is relatively high (>100 plants/m2), common 1517 
waterhemp decrease the intra-specific competition through self-thinning process.  1518 
 1519 
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In addition to plasticity of flowering phenology and higher single plant fecundity, later 1520 
established common waterhemp tended to have higher resource allocation efficiency 1521 
which was indicated by higher reproductive effort (Figure 9). Reproductive effort is 1522 
defined as the proportion of the total energy of an organism that is contributed to 1523 
reproductive processes (Hirshfield and Tinkle, 1975). All these findings drove us to 1524 
believe that the contribution of later common waterhemp cohorts to the soil seedbank has 1525 
probably been under estimated in previous studies. Some unique life history traits that 1526 
later cohorts exhibited could contribute to the invasiveness of common waterhemp in a 1527 
way that has not been described in the literature, traits such as flowering time, plant size, 1528 
and seed production, which indicate phenological plasticity, high individual fitness and 1529 
greater contribution to gene pool of the species respectively. Therefore, studies 1530 
addressing pollination processes and niche divergence of different cohorts will likely 1531 
provide important information better describing the invasiveness of common waterhemp. 1532 
Conclusions 1533 
The effect of emergence timing on common waterhemp growth and resultant fecundity 1534 
has been documented in many studies; however, the importance of different cohort 1535 
contributions has not been reported. Thus, we systematically explored the demography of 1536 
common waterhemp cohorts throughout the growing season. We found that common 1537 
waterhemp emergence was closely correlated with rain events, GDD, and SDD. For 1538 
flowering phenology, later common waterhemp cohorts transitioned from vegetative 1539 
phase to flowering quicker and had a relatively shorter flowering duration period than 1540 
early cohorts. While flowering synchronization were different among cohorts and even 1541 
among years, it may contribute to but is not linearly affect reproductive success in 1542 
common waterhemp.  Common waterhemp maintained high seed output throughout the 1543 
growing season and generated viable seeds as long as growing conditions permitted. 1544 
Early common waterhemp cohorts were larger and had higher seed production per m2 1545 
than later cohorts. However, seed production per individual plant was much higher in 1546 
later cohorts. What is more, seed production on population level was more influenced by 1547 
cohort emergence timing, while seed production on individual level was more affected by 1548 
common waterhemp population densities.  1549 
 1550 
49 
On the whole, the results of our studies indicated that significant differences in 1551 
reproductive phenology exist among the five common waterhemp cohorts’ responses to 1552 
temporal-differentiated environments. However, if these differences are genetically based 1553 
and thus can be maintained over one or more generations is not known. More research 1554 
should be conducted to unveil these interesting questions. 1555 
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Table 1. Environmental conditions throughout the growing period for common 1760 
waterhemp cohorts at the Curtiss Farm, Ames, IA in 2009 and 2010.   1761 
  From study starting date to 
cohort emergence1 
From cohort emergence  to the end 
of study2 
year cohort Soil 
Degree 
Day 
Growing 
Degree 
Day 
Accumulative 
precipitation 
(mm) 
Soil 
Degree 
Day 
Growing 
Degree 
Day 
Accumulative 
precipitation 
(mm) 
 1 157 267 33 1757 2239 322 
 2 242 396 109 1669 2108 246 
2009 3 372 579 142 1537 1923 217 
 4 578 879 204 1342 1634 151 
 5 873 1246 241 1043 1261 122 
        
 1 156 314 87 2043 2915 797 
 2 412 672 113 1792 2560 772 
2010 3 533 865 222 1671 2367 700 
 4 625 1003 238 1581 2232 647 
 5 876 1324 365 1330 1911 520 
1 Study started when corn was planted on May 6 in 2009 and April 29 in 2010; 2 Cohort emergence was 1762 
defined as the date the cohort was set up. 1763 
 1764 
 1765 
 1766 
 1767 
 1768 
 1769 
 1770 
 1771 
 1772 
 1773 
 1774 
 1775 
 1776 
 1777 
 1778 
 1779 
 1780 
1781 
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Table 2. Population dynamics and reproductive phenology of common waterhemp 1782 
cohorts at the Curtiss Farm, Ames, IA in 2009 and 2010. 1783 
  Dynamics Phenology Stage 
year cohort Population 
Density 
(plants/m2) 
Proportion 
to Total 
Annual 
Emergence 
(%) 
Emergence 
Time 
Flowering 
Initiation 
Time 
(days)1 
Estimated 
Flowering 
Date 
Flowering 
Duration time 
(days)2 
 1 10 33.3 05/22 53.9±0.4a 07/14 30 
 2 6 19.2 05/29 48.1±0.5b 07/16 25 
2009 3 5 15.9 06/08 45.3±0.5c 07/23 28 
 4 6 19.5 06/22 35.7±0.5d 07/27 27 
 5 4 12.1 07/08 27.5±0.3e 08/04 17 
        
 1 216 33.7 05/21 47.2±0.2a 07/07 57 
 2 176 27.4 06/06 40.2±0.2b 07/16 38 
2010 3 65 13.2 06/15 37.5±0.3c 07/22 30 
 4 108 16.9 06/21 34.9±0.2d 07/25 27 
 5 56 8.8 07/05 27.1±0.3e 08/01 25 
1 days after emergence; 2 days after flowering initiation to when plants generate viable seeds. 1784 
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Table 3.  Analysis of variance (ANOVA) table for the cohort effect on vegetative and 1807 
reproductive characteristics of common waterhemp at the Curtiss Farm, Ames, IA in 2009 1808 
and 2010. 1809 
Life history trait Year Effect DF F value Pr>F 
Seed production per 
plant 
2009 cohort 4 5.98 0.0027** 
 2010 cohort 4 3.95 0.0356** 
Seed production per 
area (m2) 
2009 cohort 4 5.09 0.0058** 
 2010 cohort 4 1.67 0.2322NS 
Flowering initiation 
time 
2009 cohort 4 555.52 <0.0001** 
 2010 cohort 4 315.86 <0.0001** 
Flowering  synchrony 2009 cohort 4 48.46 <0.0001** 
 2010 cohort 4 55.01 <0.0001** 
Plant height 2009 cohort 4 61.06 <0.0001** 
 2010 cohort 4 12.68 0.0006** 
** represents significant difference at p=0.05; NS represents no significant difference at p=0.05 1810 
 1811 
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 1814 
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 1820 
 1821 
 1822 
 1823 
 1824 
1825 
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Table 4. Reproductive characteristics of common waterhemp at the Curtiss Farm, Ames, 1826 
IA in 2009 and 2010.  1827 
Cohort 
Sex ratio 
(♂/♀) 
Flowering synchrony (Z)1 
(Mean ±SE) 
Female 
plants /m2 
 
Seed production / m2  
×105 (Mean ±SE) 
 
 2009 2010 2009 2010 2009 2010 2009 2010 
1 0.9 1.1 0.67±0.005b2 0.69±0.002c 4 117 2.2±0.32ab 8.3±0.43a 
2 1.1 1.0 0.60±0.007d 0.68±0.003d 2 93 4.3±0.79a 5.3±0.13ab 
3 0.9 1.2 0.67±0.007b 0.73±0.004a 2 40 3.5±1.08ab 6.6±1.3ab 
4 1.3 1.2 0.64±0.007c 0.71±0.003b 2 63 2.32±0.6ab 5.4±0.96ab 
5 2.5 1.1 0.73±0.008a 0.65±0.005e 1 31 1.05±0.21b 4.1±0.94b 
1 Flowering synchrony (Z) for a cohort is calculated by averaging the individual synchronies: Z= (!!) !!!!  . 1828 X! is the flowering synchrony for an individual plant which is given by Xi=( !!!!) ( !!!) !!!!!!!! .!Xi is on the 1829 
scale of 0 to 1; 2 Different letters represent significant differences. 1830 
 1831 
 1832 
  1833 
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 1836 
Figure 1. Common waterhemp cohort emergence as related to daily precipitation (mm), 1837 
and accumulative soil degree days (SDD) at the Curtiss Farm, IA in 2009 (a) and 2010 (b). 1838 
The black solid line represents cohort emergence and the light grey solid line represents 1839 
daily precipitation (mm) throughout the growing season, the black dashed line represents 1840 
accumulative soil degree days.  1841 
  1842 
a 
b 
59 
 1843 
 1844 
Figure 2. Accumulative emergence of natural common waterhemp populations at the 1845 
Curtiss Farm, Ames, IA in 2009 (a) and 2010 (b). The emergence pattern was a function 1846 
of observation time with equations for 2009 and 2010 as Y = 12.142 ln (x) + 8.452 1847 
(R2=0.964) and Y = 263 ln (x) + 209.61(R2=0.9937), respectively. 1848 
 1849 
 1850 
 1851 
 1852 
 1853 
 1854 
 1855 
 1856 
 1857 
 1858 
  1859 
a 
b 
60 
 1860 
 1861 
 1862 
Figure 3. Regression models for common waterhemp cohort accumulative emergence 1863 
with growth degree day (GDD) (a and b), soil degree day (SDD) (c and d) and 1864 
accumulative precipitation (mm) (e and f) at the Curtiss Farm, Ames, IA. Small black 1865 
rectangles represent accumulative emergence of individual common waterhemp cohorts. 1866 
The lowest rectangle represent emergence of cohort 1, the highest rectangle represent 1867 
accumulative emergence from cohort 1 to cohort 5 in 2009 and 2010. The equations for 1868 
the linear models for each parameter are included.  1869 
 1870 
 1871 
 1872 
a b 
c 
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e f 
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Figure 4. Flowering patterns of individual common waterhemp plants in cohorts at the 1880 
Curtiss Farm, Ames, IA in 2009 and 2010.  1881 
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 1888 
Figure 5. Flowering pattern of a common waterhemp population (combining all the 1889 
cohorts) as related to precipitation at Curtiss Farm, Ames IA in 2009 (a) and 2010 (b).  1890 
 1891 
 1892 
 1893 
 1894 
b 

63 
1895 
 1896 
 1897 
Figure 6. Effects of common waterhemp cohort emergence timing on seed production per 1898 
individual plant (a and b) and overall seed production (c and d) in 2009 and 2010. The 1899 
error bars represent the standard deviation. 1900 
 1901 
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 1902 
Figure 7.  Height of common waterhemp cohorts that at the Curtiss Farm, Ames, IA in 1903 
2009 and 2010. The error bars represent the standard deviation.  1904 
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 1938 
Figure 8. Individual plant seed production as related to common waterhemp cohort 1939 
population densities in 2009 (a) and 2010 (b). Each rectangle represents the mean of seed 1940 
production per plant from each cohort. X-axis is the common waterhemp population 1941 
densities (plants/m2) and Y-axis represents mean of individual plant seed production. The 1942 
polynomial model fit our data well, as indicated by the R2 value.  1943 
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 1949 
Figure 9. Reproductive effort for female plants from different common waterhemp 1950 
cohorts at the Curtiss Farm in Ames, IA in 2010. Reproduction effort (RE) is described as 1951 
reproductive biomass (RB)/(reproductive biomass+ vegetative biomass (VB). X-axis is 1952 
the cohort number, and Y-axis represents mean reproductive effort of five female plants 1953 
from different cohorts. The error bars are the standard errors. The diamond represents 1954 
mean RE of different cohorts. The upper boundary of the box locates the 75th percentile 1955 
of the data set while the lower boundary indicates the 25th percentile; the line in the box 1956 
that indicates the median of the data; the vertical lines of the plot extending from the box 1957 
and the circles indicate the minimum and maximum values in the dataset. 1958 
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CHAPTER 3 EFFECTS OF EMERGENCE TIMING ON COMMON 1974 
WATERHEMP (AMARANTHUS TUBERCULATUS (MOQ) SAUER) SEED MASS, 1975 
SEED MATURATION AND SEED AFTER-RIPENING  1976 
 1977 
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 1980 
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 1982 
Abstract  1983 
To determine the effect of emergence timing on the fate of the next generation of 1984 
common waterhemp cohorts, research was conducted to evaluate variations in seed mass, 1985 
seed maturation time and seed after-ripening pattern among common waterhemp cohorts. 1986 
Results differed among years and thus data were presented separately. Our findings are as 1987 
follows: all common waterhemp cohorts needed the same amount of time to generate 1988 
viable seeds in 2009. However, in 2010, cohort seed maturation time varied.  Cohort 1 1989 
required 30 days for mature seeds, which was significantly longer than later cohorts 1990 
which required 21 to 25 days. Seeds produced by later cohorts had significantly higher 1991 
seed mass than the early cohorts in 2009 (P<0.0001). The 10000 seed weight for cohort 5 1992 
was 2.63 ± 0.10 g, which was 28.9% and 20.1% higher than that of cohort 1 and cohort 2, 1993 
respectively. However, no significant differences in seed mass among cohorts were 1994 
detected in 2010 (P=0.1182).  Seeds from different cohorts had similar after-ripening 1995 
patterns in 2009. Newly harvested seeds had strong primary dormancy (<10% 1996 
germination), which was gradually released by during dry storage and reached the 1997 
maximum germination (>80%) rate at 4 months after harvest (MAH). However, 1998 
germination dropped to 40% at 6 and 8 MAH, indicating the induction of secondary seed 1999 
dormancy.  However, in 2010 there was a difference in seed dormancy among common 2000 
waterhemp cohorts. Different from 2009, the strong primary dormancy at harvest for 2001 
2010 seeds was sustained in dry after-ripening, which may have been due to strong intra- 2002 
specific competition and less favorable parental environments. We also tested the soil 2003 
seed bank seed population densities for each common waterhemp cohort and found that 2004 
seed population density at the soil surface level was most influenced by annual seed 2005 
production.  2006 
68 
Introduction 2007 
Common waterhemp (Amaranthus tuberculatus) is a strong competitor to crops in the 2008 
agronomic production systems throughout the Midwestern United States. The aggressive 2009 
weed is known for an opportunistic emergence pattern, aggressive vegetative growth, 2010 
high seed production and prolonged seed viability in the soil seed bank (Hager et al., 2011 
2002; Bensch et al., 2003). Among the weediness characteristic mentioned above, the 2012 
opportunistic seedling emergence throughout much of the growing season contributes to 2013 
the difficulties for effective control of common waterhemp. The emergence pattern of 2014 
common waterhemp is the result of different levels of seed dormancy within a population 2015 
(Leon and Owen, 2006).  2016 
 2017 
In the past decade, much effort has been expended to increase our knowledge of the effect 2018 
of different emergence timings on common waterhemp ecological fitness and adaptation. 2019 
In those previous studies, seed production was thought to be a good indication of fitness 2020 
(Hartzler et al., 2004; Steckel and Sprague, 2004). However, plant fitness not only 2021 
depends on the seed production of the current generation, but also is determined by the 2022 
characteristics of the resulting seeds, which influence the success of future generations 2023 
(Pedersen et al., 2006).  2024 
 2025 
Dormancy is the condition when viable seeds fail to germinate under favorable 2026 
environment conditions. Seed dormancy is established during seed development, with a 2027 
strong interaction between genetic characteristics and environmental factors. The 2028 
environmental factors prevailing during seed development such as light conditions affect 2029 
seed dormancy and germination (Roach and Wulff, 1987; Contreras et al., 2008). For 2030 
example, day-length during lettuce (Lactuca sativa) seed development not only affected 2031 
seed mass but also seed germinability. Lettuce seeds produced under short days were 2032 
lighter, less sensitive to exogenous abscisic acid (ABA) and had a greater germination 2033 
percentage in darkness than seeds produced under long day (Contreras et al., 2008). 2034 
Furthermore, water stress during seed development influenced seed dormancy of wild 2035 
radish (Raphanus raphanistrum L.) seeds (Eslami et al., 2010). Since environmental 2036 
conditions vary throughout the whole growing season, we hypothesize that seeds which 2037 
69 
matured at different times under different environmental conditions would exhibit 2038 
different levels of dormancy and may differ in their after-ripening (AR) processes.  2039 
 2040 
Seed AR is the process of seed dormancy loss usually during dry storage. After-ripening 2041 
is a necessary period for some Amaranthus species such as A. hybridus and A. retroflexus 2042 
(Cristaudo et al., 2007). Seeds of these species were reported to have primary dormancy 2043 
which was released gradually during AR. Seed germination of Amaranthus species was 2044 
reported to be affected by air temperature, after-ripening time, light and interactions 2045 
between these factors (Cristaudo et al., 2007). However, little is known about the seed AR 2046 
process of common waterhemp. 2047 
 2048 
Investigations seed development, seed AR of different plant cohorts may be valuable in 2049 
predicting the resultant seed dormancy and emergence patterns of following plant 2050 
generations.  Unfortunately, very few studies have investigated the effect of emergence 2051 
timing on those seed characteristics. An effective and long-lasting weed control program 2052 
largely depends on the successful elimination or management of the soil seed bank. To 2053 
develop common waterhemp control management tactics with the aim of soil seed bank 2054 
depletion, a greater understanding of those important seed characteristics for common 2055 
waterhemp seeds is needed. The specific questions of interest to us are: Do seeds from 2056 
different cohorts differ in seed maturation time, seed mass, and/or seed AR pattern under 2057 
dry storage? How is the soil seed bank influenced by annual seed production of common 2058 
waterhemp with different seedling establishment timings? To answer these questions 2059 
about seed maturation times, seed mass, seed germination response after different dry 2060 
storage periods and soil seed bank population density were investigated using natural 2061 
common waterhemp cohorts in the field during 2009 and 2010. 2062 
Materials and methods 2063 
Establishment of common waterhemp cohort studies and weather conditions 2064 
measurements 2065 
Common waterhemp cohort studies were conducted in 2009 and 2010 at the Iowa State 2066 
University Curtiss Farm (42° 2' 5" N / 93° 37' 11" W) in Ames, IA. The soil type was a 2067 
Canisteo, Nicollet, Clarion loam (fine loamy, mixed, mesic Typic Haplaquall) with 5% 2068 
70 
organic matter (Taylor and Hartzler, 2000). The experimental design was a complete 2069 
randomized design due to the scattered distribution of plants in the study field. In our 2070 
study, a 'cohort' was defined as a group of common waterhemp seedlings emerging on or 2071 
near the same day presumably with germination induced by the same environmental 2072 
conditions (e.g. rainfall events). Each cohort was established by counting and marking all 2073 
seedlings within the plots designated for each cohort.  Our original focus was on 2074 
individual plant of each cohort. Therefore In 2009, we only had one 5m × 5m plot for 2075 
each cohort. However, after collecting data in 2009, we found that it would be important 2076 
to study the flowering pattern of each cohort on population level. Thus in 2010, we had 2077 
three 3m × 3m quadrates (plot) for each cohort. Seedling emergence was defined as full 2078 
expansion of two cotyledons, and common waterhemp seedlings and other weeds that 2079 
emerge later within an established plot were removed by hand throughout the rest of the 2080 
growing season.  Glyphosate was applied at a rate of 1.15 Kg a.i. using a backpack 2081 
sprayer to the experiment area that was designated for later cohorts to eliminate weeds.  2082 
Daily precipitation, air and soil temperature at 2 cm depth were measured by using a rain 2083 
gauge (TE525WS-L Sensor - Texas Electronics) and a 107-L sensor (Campbell 2084 
Scientific), respectively. Data were collected on site with a data logger (CR23X - 2085 
Campbell Scientific).  2086 
Experiment 1: Seed maturation time and seed mass of different common waterhemp 2087 
cohorts 2088 
In this paper, seed maturation time was defined as time requirement from flowering to 2089 
when seeds became viable. Five female plants were arbitrarily chosen from each plot for 2090 
each cohort for the seed development study. Seeds were collected from each female plant 2091 
beginning approximately two weeks after flowering which allowed enough reproductive 2092 
structure to develop; the date was designated as the first day of the seed developmental 2093 
process.  According to previously reported research, common waterhemp seeds become 2094 
viable on the 9th to 12th day after pollination (Bell and Tranel, 2010).  Two apical 2095 
spikelets from the five chosen plants were collected 5, 7, 9, 11, 13, 15 days after the 2096 
designated flowering date for each cohort. Seeds were threshed and used to determine 2097 
seed maturation time in a 14-day germination test in the lab. In our study, matured seeds 2098 
were indicated by successful germination in a standard germination test. The germination 2099 
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protocol we used was as follows: Collected seeds were placed into a six-well cell culture 2100 
cluster plate with ten seeds per well and 1.0 ml de-ionized water was added to each well.  2101 
The cell culture cluster plates were then placed inside a germination cabinet and subjected 2102 
to white light (200 µE s-1 m-2 for 16h, dark for 8h) and a temperature regime of 31.3 ̊C 2103 
for 16 h and 21.5 ̊C for 8 h. Percentage of germination was recorded daily for 14 days.  A 2104 
seed was considered germinated when radical protrusion was observed. At the end of the 2105 
experiment, non-germinated seeds were air-dried and subjected to a seed crush test to 2106 
determine viability (Rothrock et al., 1993; Sawma and Mohler, 2002).   2107 
 2108 
To determine seed mass, common waterhemp seeds were collected from five female 2109 
plants 40 days after flowering was initiated and when seeds were mature. Shiny black 2110 
filled seeds were considered mature and were weighed, counted and 10000 seed weight 2111 
was calculated. 2112 
Experiment 2: Seed dry after-ripening of common waterhemp seeds from each 2113 
cohort  2114 
To determine seed germination capability throughout the after-ripening (AR) process, 2115 
common waterhemp seeds were collected from five arbitrarily chosen female plants from 2116 
each cohort 30 days after flowering was initiated.  Seeds were threshed and air-dried at 2117 
room temperature for one week.  The cleaned seeds were then stored in plastic containers 2118 
at 25 ̊C with 30-50% RH until the start of the germination tests.  A series of germination 2119 
tests were conducted four months after harvest (MAH), six MAH, and eight MAH, using 2120 
the germination test protocol described above. Each germination test lasted for 14 days. 2121 
Experiment 3: Determination of common waterhemp seed population densities in 2122 
soil seed bank after cohort harvest 2123 
To determine the cohort seed contribution to the common waterhemp soil seed bank, soil 2124 
samples were collected after seeds were harvested (October 19, 2009; October 14, 2010) 2125 
from every cohort plot. Each plot was evenly divided into 4 small quadrates (microplots) 2126 
and 5 soil cores (4.1 cm diameter) were collected from each microplot and sub-divided 2127 
into 0-2, 2-5, 5-15 cm depths. Individual soil cores from a microplot were pooled by 2128 
depth to make one composite sample for each depth for each plot. Soil samples were 2129 
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placed into capped strainers lined with 0.5-mm stainless steel screens and then placed in 2130 
an elutriator for 2 h.  The elutriation procedure uses water to separate weed seeds from 2131 
soil (sand, clay and silt particles) (Wiles et al., 1996). After elutriation, samples were 2132 
dried at 35 ̊C for 24 h and remaining seeds were separated from debris and coarse 2133 
fragments with an air column separator. Common waterhemp seeds were identified and 2134 
counted. A crush test was conducted to test seed viability (Rothrock et al., 1993; Sawma 2135 
and Mohler, 2002).  2136 
Statistical analyses 2137 
Statistical analyses of data were performed using the SAS software GLIMMIX procedure 2138 
(Version 9.2, SAS Institute Inc., 2008). Seed maturation time and seed mass data were 2139 
log transformed and seed germination data were arcsine transformed if the assumptions of 2140 
normality (Shapiro-Wilk test) and homogeneity of variances (Brown Forsythe test) were 2141 
not met (Shapiro and Wilk, 1965; Brown and Forsythe, 1974). Differences in seed 2142 
maturation time, seed mass, and seed germination during dry AR were tested with 2143 
analysis of variance (ANOVA). Pair-wise comparisons were subjected to Fisher's LSD 2144 
test (Fisher 1935) at p=0.05 level. 2145 
Results 2146 
All the seeds in this study were from different common waterhemp cohorts we 2147 
established in 2009 and 2010. A summary of environmental conditions, vegetative and 2148 
reproductive biology and life phenology of each cohort in the two-year cohort study is 2149 
presented in Table 1. In general, natural resources were less available in later cohorts, as 2150 
indicated by decreases in growth degree days (GDD), soil degree days (SDD) and 2151 
accumulative precipitation. Each year we designated and established five cohorts; 2152 
common waterhemp emerged from late May until early July, flowered mainly in July and 2153 
generate viable seeds mainly in August. Population densities differed significantly among 2154 
years with 2010 cohorts having up to 216 plants per m2.  Later cohorts decreased in plant 2155 
population density, plant size as well as total seed production, which probably due to less 2156 
favorable environmental conditions for later cohorts, as indicated by lower GDD and 2157 
accumulative precipitation (Table 1).  2158 
 2159 
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Our results between years were in some cases, not consistent, which was probably due to 2160 
violent difference in rainfall and the temperature fluctuation among two years (Figure 1). 2161 
Therefore, our data are presented separately for each year.  Five cohorts were identified in 2162 
2009 and 2010. The emergence of common waterhemp was closely correlated with 2163 
rainfall events and emergence occurred from late May until early July in both years.  2164 
Significant differences in common waterhemp population densities were observed among 2165 
cohorts in both years (Table 1).  2166 
 2167 
Plant fitness describes the potential success of a genotype, which can be defined as the 2168 
ability of plants to produce offspring and the number of genes the plant can contribute to 2169 
the total gene pool of the population (Radosevich et al., 1997). Consistence with previous 2170 
findings (Rice, 1987; Ohgushi, 1991), we found that later cohorts had lower fitness in 2171 
both vegetative and reproductive growth, as indicated by decreases in plant height as well 2172 
as lower seed production per square meter than early cohorts. One of the reasons for the 2173 
lower fitness of later emerged cohorts was the less favorable growth environment 2174 
associated with lower GDD accumulation and precipitation (Table 1).  Another reason for 2175 
the differences was the shorter growing season since later emerged common waterhemp 2176 
had shorter vegetative growth periods and transitioned into reproductive growth faster 2177 
than earlier cohorts (Table 1).  2178 
Seed maturation time and seed mass 2179 
Our results for common waterhemp cohort seed maturation times were not consistent in 2180 
both years. In 2009, no difference was found in seed maturation time among cohorts and 2181 
each cohort generated viable seeds 20 to 25 days after flowering initiation (Tables 1 and 2182 
2). However, in 2010 cohort 1 required more time (30 days after flowering initiation) to 2183 
produce mature seeds than later cohorts (21 to 24 days after flower initiation) (Tables 1 2184 
and 2). Seed maturation time for cohorts varied from 50 to 80 days after plant emergence. 2185 
For both years, seeds produced by cohort 1 became mature at the beginning of August 2186 
while seeds from cohort 5 matured at the end of August, when the temperature started to 2187 
cool down (Figure 1). Only the first cohort in 2010 differed significantly in seed 2188 
maturation time from other cohorts. It is worthy of mentioning that cohort 1 in 2010 had 2189 
the highest plant population densities and thus most furious intra-specific competition 2190 
compared with later cohorts (Table 1), which could be the reason that it took the longest 2191 
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time to generate viable seeds. Lack of difference in 2009 may be due to lower common 2192 
waterhemp population densities as well as relatively small sample sizes compared with 2193 
2010.  2194 
 2195 
Our results for the seed mass of cohorts also differed between years. In 2009, a significant 2196 
difference in seed mass among cohorts was detected (Table 2). Seed mass of common 2197 
waterhemp cohorts was negatively correlated with emergence timing, with later cohorts 2198 
having heavier seeds (Figure 2).  The 10000 seed weight for cohort 5 was 2.63 ± 0.10 g, 2199 
which was 28.9% and 20.1% higher than that of cohort 1 and cohort 2, respectively 2200 
(Figure 2). However, no significant differences in seed mass among cohorts were detected 2201 
in 2010, when cohort population densities population densities were 14 to 22 times higher 2202 
than those in 2009 (Tables 1 and 2). Therefore, common waterhemp population densities 2203 
had an over-whelming effect compared with emergence timing on seed mass in 2010, 2204 
although both would influence the availability of resources.  Further experiments needed 2205 
to determine if population densities have an effect on seed mass, since relatively lower 2206 
seed masses were observed in 2010 cohorts compared with 2009 which had 14 to 29 2207 
times higher plant population densities compared to 2009 (Table 1). 2208 
Seed after-ripening of common waterhemp cohorts 2209 
In 2009, no significant difference was observed in seed germination among cohorts at the 2210 
same amount of dry storage AR time (Table 2). However, seed germination of common 2211 
waterhemp seeds was stronGly influenced by AR time (Table 2), indicating change of 2212 
seed dormancy level of common waterhemp seeds in response to dry AR. In contrast, 2213 
2010 seed germination of common waterhemp did not vary among AR times while 2214 
significant differences were seen among cohorts (Table 2). There was no significant 2215 
interaction between cohort and AR time, indicating that cohorts have similar AR patterns.  2216 
 2217 
We compared seed germination means at different AR times for seeds collected from 2218 
different cohorts established in 2009 and 2010. Our study found that germination was 2219 
profoundly influenced by the AR periods in 2009 (Figure 3a).  In newly harvested 2220 
common waterhemp seeds (0 MAH), small numbers of seeds germinated even though the 2221 
seeds were viable as seen from the crush test we conducted to the non-germinated seeds 2222 
after the test (data not shown), but after 4 months of AR, the capacity of common 2223 
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waterhemp for germination increased considerably and more than 70% germination 2224 
occurred indicating a release of primary dormancy. However, germination decreased to 2225 
40% at 6 MAH and 8 MAH, indicating that secondary dormancy was induced (Figure 3a). 2226 
In contrast, our results for seeds from 2010 cohorts showed that germination was 2227 
relatively unaffected by AR time as only about 10% of the seeds germinated regardless of 2228 
AR periods for cohorts 1, 2, 4, and 5 and 20% germination for cohort 3 (Figure 3b). The 2229 
higher germination in cohort 3 compared with other cohorts accounted for most of the 2230 
variance in germination among cohorts. 2231 
 2232 
Germination percentage differed significantly between seeds from individual plants 2233 
within cohorts (Figure 4). Again in 2009, the major dormancy-breaking effect of dry AR 2234 
occurred at 4 MAH, indicated by a significant increase of the final germination (Figure 2235 
4b). Seed germination decreased significantly at 6 and 8 MAH (Figure 4c and d). In 2010, 2236 
most seeds exhibited high dormancy except that few plants had higher germination 2237 
percentages (Figure 4 e, f, g and h). Our results found that even with relatively similar 2238 
emergence timings, common waterhemp could still produce seeds that varied in 2239 
dormancy levels. The high individual variance between and within cohorts of common 2240 
waterhemp could lead to a more varied dormancy levels in the soil seedbank, which could 2241 
contribute significantly to the extended emergence pattern typically demonstrated by 2242 
common waterhemp.  2243 
Common waterhemp soil seed bank as influenced by establishment of different 2244 
cohorts  2245 
Seed population densities in the common waterhemp soil seed bank differed significantly 2246 
among plots with different cohorts, as well as among different soil depths (Table 3).  No 2247 
interaction of cohort and soil depth interaction was detected in 2010 but there was a 2248 
significant interaction between cohort and soil depth in 2009 (Table 3). The higher seed 2249 
production in early common waterhemp cohorts contributed more seeds to soil seed bank 2250 
annually (Figure 5 a and b). When comparing cohort influence on the soil seed bank at 2251 
each soil depth, differences only existed on the soil surface and shallow depths (0-2cm in 2252 
2009; 0-2 and 2-5cm in 2010) (Table 3). Since only the soil surface is likely influenced 2253 
by the combined effects of seed degradation, predation and the augmentation of newly 2254 
produced seeds, this is where the greatest seed numbers are likely to accumulate. No 2255 
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difference were found at deeper soil depths in the soil seed bank, indicating all the cohort 2256 
plots had similar initial soil seed bank population densities at the depth of 2-15 cm. 2257 
(Figure 5).  2258 
Discussion  2259 
While there are many reports on the effect of emergence timing on plant life history traits 2260 
(Hartzler et al., 2004; Uscanga-Mortera et al., 2007; Steckel and Sprague, 2004), few 2261 
studies have been conducted to determine if this effect can be carried over to next 2262 
generation (Mulugeta and Stoltenberg, 1998). In our study, we investigated if plants that 2263 
emerged at different times differed in the time required to generate viable seeds. We also 2264 
studied the effect of emergence timing on seed mass and seed AR pattern. The effect of 2265 
mother plant emergence timing on seed maturation time, seed mass and seed AR pattern 2266 
were not consistent between two years.  Results showed that early common waterhemp 2267 
cohorts had longer seed maturation time in 2009 while all cohorts took the same amount 2268 
of time to generate viable seeds in 2010. Similarly, seeds generated by early common 2269 
waterhemp cohorts had lower seed mass in 2009 while emergence timing had no effect on 2270 
seed mass in 2010. Also, we found that seeds produced by different cohorts had similar 2271 
seed AR patterns in 2009 (Table 2).  However, cohorts differed significantly on their 2272 
germination during the AR process in 2010 (Table 2). Furthermore, cohorts had different 2273 
contributions to the soil seed bank. 2274 
Seed maturation time and seed mass as influenced by emergence timing 2275 
In the greenhouse, the time requirement for female waterhemp plants to produce viable 2276 
seeds has been determined to be 7 to 9 days after pollination (Bell and Tranel, 2010). In 2277 
our field study, common waterhemp seed maturation times varied from 20 to 28 days 2278 
after flowering, which was estimated to be 6 to 14 days after pollination (Table 1). In 2279 
previous studies, seed maturation time was thought to affect seed germination timing and 2280 
thus plant fitness (Roach, 1986; Eslami et al., 2010). For example, in Geranium 2281 
carolinianum, seeds that matured in mid-June were lighter than those matured in late May, 2282 
which tended to have lower dormancy levels and emerged earlier. Early emergence 2283 
usually leads to a longer growing period and allows plants to accumulate more resources 2284 
before reproductive stages are initiated (Roach, 1986). In another study on wild radish 2285 
(Raphanus raphanistrum L.), seeds produced in November were heavier and showed a 2286 
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higher dormancy level than those produced in December (Eslami et al., 2010). The higher 2287 
seed mass was thought to be caused by more favorable growth condition at early stages of 2288 
plant development. The higher dormancy level was probably due to thicker pod wall in 2289 
early matured seeds than in the late matured seeds. In our study, seeds produced by later 2290 
common waterhemp cohorts tended to be the same or heavier seeds from early cohorts 2291 
(Figure 2). However, no significant difference on seed germination during dry AR was 2292 
detected among all the cohorts in 2009 and most cohorts in 2010 (Table 2). 2293 
 2294 
Earlier common waterhemp cohorts usually have more accessibility to light, water and 2295 
nutrient resources compared with later cohorts as indicated by higher accumulative 2296 
precipitation, GDD and lower population densities (Table 1), which contributes to a 2297 
longer duration of seed provisioning.   Surprisingly, in our study, seeds produced by later 2298 
cohorts were same as (2010) or even heavier than that of early cohorts as in 2009 (Figure 2299 
2). Seed mass is of great ecological significance since it connects the ecology of 2300 
reproduction and seedling establishment with ecology of vegetative growth and life 2301 
strategy (Leishman et al., 2000).  Seed mass has been documented to influence seed 2302 
viability, germination, longevity, dormancy and seedling establishment and thus the fate 2303 
of next generations (Tripathi and Khan, 1990; Norden et al., 2009; Castro, 1999; 2304 
Hodkinson et al., 1998). However, previous studies are not consistent on the relationship 2305 
between parental environments and seed mass. Some plants such as wild radish emerged 2306 
in early part of the growing season produced heavier seeds due to a more favorable 2307 
growth environment (Eslami et al., 2010). However, there are also plenty of experimental 2308 
evidence that larger seeds were associated with adverse establishment conditions such as 2309 
burial, shade, competition, low soil moisture, herbivory and nutrients deprivation (Grime 2310 
and Jeffrey, 1965; Buckley, 1982; Armstrong and Westoby, 1993; Krannitz et al., 1991). 2311 
Only one year of our data (2009) is in agreement with the studies claiming that plant will 2312 
produce heavier seeds in unfavorable environments, as larger common waterhemp seeds 2313 
were observed in some of the later cohorts of 2009 (Figure 3, Table 2), which generally 2314 
experienced less favorable environments as indicated by lower precipitation and GDD 2315 
compared to the early cohorts (Table 1). One of the reasons for the lack of significant 2316 
difference for seed mass in 2010 may be due to the compromise between the furious 2317 
competition to which the early cohorts were exposed and the harsh environmental 2318 
conditions that later cohorts experienced (Table 1, Figure 1).  2319 
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Dry after-ripening pattern of common waterhemp seeds 2320 
Seed dormancy may allow weeds to escape the conventional management tactics and thus 2321 
is considered a crucial survival strategy of many weedy plants such as wild oat (Avena 2322 
fatua) (Foley, 1994). Since seed dormancy controls plant emergence timing and manifests 2323 
the establishment of seedling, an understanding of dormancy attributes may allow farmers 2324 
to predict the potential infestation longevity, which eventually contributes to development 2325 
of effective weed control strategies (Tarasoff et al., 2007). After-ripening is a complex 2326 
enzymatic and biochemical process that breaks non-deep physiological dormancy 2327 
(Stanisavljevic ́ et al., 2010). Generally weed seeds with a longer AR period and resultant 2328 
extended germination pattern create more management problems for growers than those 2329 
with short AR periods and concentrated germination patterns (Tarasoff et al., 2007).  2330 
 2331 
Common waterhemp cohorts did not differ in AR pattern in 2009 (Table 2, Figure 3a).  2332 
However, emergence timing, which influences the environmental conditions that plants 2333 
experience, had significant effects on dormancy release in common waterhemp in 2010 2334 
(Table 2, Figure 3b). There was no interaction between emergence timing and AR time 2335 
(Table 2). The average germination for all five cohorts was only 10 to 25% immediately 2336 
after harvest (0 MAH) in both years, suggesting a high level of embryonic dormancy 2337 
(Figure 3 and 4). The primary dormancy was released during AR that occurred during 2338 
storage in all five cohorts in 2009, as indicated by a significant increase in seed 2339 
germination at 4 MAH (Figure 3a).  However, no AR effect was detected in 2010 (Figure 2340 
3b), which was probably due to much deeper physiological dormancy seeds possibly 2341 
induced by a higher amount of rainfall as well as fierce intraspecific competition of parent 2342 
plants (Leishman et al., 2000; Platenkamp and Shaw, 1993).  Therefore, more seeds from 2343 
2010 cohorts may be more likely to become part of the persistent soil seedbank than those 2344 
produced in 2009. 2345 
 2346 
Primary seed dormancy is the dormancy exhibited by mature seeds on a mother plant and 2347 
plays fundamental roles in extended emergence pattern of Amanranthus species (Baskin 2348 
and Baskin, 1985; Cristaudo et al., 2007). Primary dormancy has been reported in other 2349 
species such as common lambsquarters (Chenopodium album) which had 35% of the 2350 
seeds demonstrating dormancy at harvest (Holm et al., 1977). Newly harvested common 2351 
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waterhemp seeds exhibited up to 90% primary dormancy at harvest (Figure 3a). In 2009, 2352 
common waterhemp seed dormancy was gradually released and a maximum germination 2353 
was reached 4 MAH. However, after that, secondary dormancy was induced. We suspect 2354 
that common waterhemp seeds could exhibit annual dormancy/non-dormancy cycles, 2355 
which has been demonstrated in other weed species, which grow in more predictable 2356 
habitats (Schutz, 1997; Baskin and Baskin, 1985; Mack and Pyke, 1983). Further studies 2357 
need to be done to test this hypothesis.  2358 
 2359 
InterestinGly, a different seed AR pattern was seen in 2010; high seed dormancy at seed 2360 
dispersal was not released by dry AR and thus seeds exhibited low germination 2361 
throughout the AR periods. There could be at least two reasons why this would be so.  2362 
First, several factors of the parent environment during seed development are associated 2363 
with seed dormancy and germinability; these include but are not limited to temperature, 2364 
day length, light, water and nutrient levels (Fenner, 1991). The effect of parental 2365 
environmental conditions on seed germination and dormancy is due to the change in seed 2366 
chemical composition and seed provisioning (e.g. mineral, photosynthetic and 2367 
phytohormone resources) throughout the growing season (Roach and Wulff, 1987; Baskin 2368 
and Baskin, 1998; Galloway, 2002), as well as change in the structure and thickness of 2369 
the seed coat (Lacey et al., 1997; Luzuriaga et al., 2006). For example, water stress during 2370 
seed development increased seed dormancy level in wild radish seeds (Eslami et al., 2371 
2010).  Similarly, it has been documented that plant species in habitats with frost and/or 2372 
drought were more likely to possess some form of seed dormancy (morphological, 2373 
physiological, morpho-physiological, or physical) than species in more benign 2374 
environments, indicating that some heritable genetic traits evolved in seed dormancy 2375 
(Jurado and Flores, 2005). In contrast, germinability was higher in fresh seeds of 2376 
Arenaria patula var. robusta produced in a drier year than those produced in the wetter 2377 
year (Baskin and Baskin, 1975). In our study we found similar correlations between water 2378 
status and seed dormancy. The dryer year was more favorable to seed dormancy release 2379 
in common waterhemp. Accumulative precipitation in 2009 was only about 50% of that 2380 
in 2010, (Table 1 and Figure 1), and the mean peak germination during all the AR period 2381 
at 22/15°C at 4 MAH was 89% in 2009 and 9.4% in 2010 (Figure 3).  2382 
 2383 
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Second, competition for natural resources in maternal environments affected seed 2384 
characteristic including dormancy (Platenkamp and Shaw, 1993). In a California native 2385 
annual plant Nemophila menziesii, seeds produced by mother plants competing with 2386 
grasses showed a significant reduction in seed weight, a slower germination rate and were 2387 
more likely to be dormant than seeds from plants that grew without competition. The 2388 
significant differences in dormancy release during AR of common waterhemp were 2389 
probably due to different competitive pressure to which the mother plants were exposed  2390 
since there was a considerable difference in plant population densities of each cohort 2391 
(Table 1). The plant population densities for cohort 1 to cohort 5 were 10, 6, 5 6, 4 2392 
plants/m2 respectively for 2009, while 217, 176, 65, 108, and 56 plants/m2 respectively 2393 
for 2010. The maternal environment for 2010 was less favorable than in 2009 possibly 2394 
due to less availability of nutrient and other natural resources as influenced by the higher 2395 
competitive pressure. Our findings provide evidence that interspecific competition the 2396 
mother plants experienced has a profound influence on seed dormancy level in common 2397 
waterhemp. 2398 
Common waterhemp soil seed bank as influenced by cohort establishment 2399 
Common waterhemp is a prolific seed producer. Thus, information describing its soil seed 2400 
bank would be necessary to help develop long-lasting weed control tactics (Steckel et al., 2401 
2007). The high seed production, seed dormancy and long seed persistence in the soil 2402 
contribute to the great accumulations of Amaranthus seeds in the soil (Weaver and 2403 
McWilliams, 1980; Baskin and Baskin, 1977; Cristaudo et al., 2007). Our results showed 2404 
that higher seed production in the early cohorts significantly contributed to the 2405 
replenishment of the soil seed bank (Table 1 and Figure 5). A significant difference was 2406 
found in seed population density at soil surface (0-2 cm) with early cohorts having higher 2407 
seed densities. However, no significant differences in seeds population densities were 2408 
seen in the 2-5 and 5-15 cm soil depths (Figure 5). The uniformed seed population 2409 
densities in the deeper soil depths probably was because emerged seeds are more likely to 2410 
come from the 0-2 cm soil depth and the plots chosen had similar initial waterhemp seed 2411 
population densities. However, studies need to be conducted to testify this assumption. 2412 
 2413 
The seed population density at soil surface was a function of depletion of the soil seed 2414 
bank by seed predation, decay and weed emergence and augmented by newly produced 2415 
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seeds. Therefore, current common waterhemp population dynamics can influence soil 2416 
seed bank in two aspects. First, the season long emergence pattern significantly depletes 2417 
the soil seed bank. Second, newly produced seeds could add to the soil seed bank and 2418 
replenish the seed depletion attributable to seed germination.   Therefore, even with much 2419 
higher seed production, depletion of soil seed bank as the result of extremely abundant 2420 
emergence in 2010 resulted in lower seed population densities in the soil seed bank than 2421 
in 2009 (Figure 5). The depletion of soil seed bank by germination, the so-called suicidal 2422 
germination (Traore et al., 2011), can be a potential common waterhemp management 2423 
approaches. 2424 
Conclusion 2425 
Weed seed dormancy is an important trait that will influence weed emergence the 2426 
following growing seasons. Our study tested the difference in seed mass, seed maturation 2427 
time and seed after-ripening pattern among seeds produced by plants with different 2428 
emergence timing and experienced different. Unexpectedly, emergence timing only 2429 
influenced seed maturation time indirectly, since seed maturation time only differed 2430 
among cohorts when population densities were relatively high (>50 plants/m2). In 2431 
contrast, emergence timing had a great influence on seed mass only when population 2432 
densities were relatively low (<10 plants/m2) as indicated by heavier seeds produced by 2433 
early cohorts in 2009. Similarly, when population densities were low, emergence timing 2434 
also had no influence in seed AR pattern of cohorts and seeds exhibited similar AR 2435 
patterns. Newly harvested seeds had strong primary dormancy (<10% germination), 2436 
which was gradually released by during dry storage and reached maximum germination 2437 
(>80%) rate at 4 MAH (months after harvest), secondary seed dormancy was induced 6 2438 
MAH.  However when population densities were very high as in 2010, waterhemp seeds 2439 
became highly dormant which could not be released by the same length of AR time as 2440 
seen when densities were low. Further studies need to be conducted to get a complete 2441 
picture of how emergence time influences common waterhemp seed characteristics and 2442 
thus the following generation. 2443 
 2444 
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Table 1. Growth degree day, accumulated precipitation throughout duration period of each common waterhemp cohorts and summary of 2616 
vegetative, reproductive biology and life phenology of natural common waterhemp cohorts emerged at the Curtiss Farm, Ames, IA in 2009 2617 
and 2010.  2618 
cohort 
Vegetative and reproductive biology Life phenology Environmental conditions 
Population 
density 
(Plants/m2) 
Sex 
Ratio 
(♂/♀) 
Seed 
production/m2 
(  ×105) 
Plant 
Height 
(cm) 
Cohort 
Emergence 
Date 
Flowering 
time 1 
Estimated 
Flowering 
date 
Seed 
maturation 
time 2 
Estimated 
Seed 
maturation 
date 
Growth 
Degree Day3 
1 10 0.9 2.0±0.32ab 223.8±6.2b 22-May 53.9±0.4a 14-Jul 26.0±1.5a 9-Aug 2239 
2 6 1.1 4.3±0.79a 257.8±7.1a 29-May 48.1±0.5b 16-Jul 20.0±2.3a 5-Aug 2108 
3 5 0.9 3.5±1.08ab 264.4±7.9a 8-Jun 45.3±0.5c 23-Jul 25.0±3.0a 15-Aug 1923 
4 6 1.3 2.3±0.60ab 193.5±9.6c 22-Jun 35.7±0.5d 27-Jul 22.0±5.2a 18-Aug 1634 
5 4 2.5 1.0±0.21b 111.3±7.9d 8-Jul 27.5±0.3e 4-Aug 23.0±1.0a 27-Aug 1261 
           
1 216 1.1 8.3±0.43a 144.8±6.6a 21-May 47.2±0.2a 7-Jul 30.0±0.6a 6-Aug 2915 
2 176 1 5.3±0.13bc 107.6±2.8c 6-Jun 40.2±0.2b 16-Jul 24.3±1.3b 9-Aug 2560 
3 65 1.2 6.6±0.13b 127.9±4.4b 15-Jun 37.5±0.3c 22-Jul 22.7±0.7b 13-Aug 2367 
4 108 1.2 5.4±0.96bc 131.7±2.4b 21-Jun 34.9±0.2d 25-Jul 24.7±0.3b 19-Aug 2232 
1 Flowering time was measured as days after emergence; 2 Seed maturation time was measured as days after flowering initiation.3,4 Both growth degree days and 2619 
accumulative precipitation were calculated by summing up the corresponding values from when each cohort was set up until the end of the study, when cohorts were 2620 
harvested. 2621 
86 
87 
Table 2. Analysis of variance comparing seed maturation time, seed mass and seed 2622 
germination during after-ripening, as influenced by cohort emergence timing and after- 2623 
ripening time in 2009 and 2010.  2624 
** represents significant difference at P=0.05 level. 2625 
 2626 
 2627 
 2628 
 2629 
 2630 
 2631 
 2632 
 2633 
  2634 
Parameters in 
comparison 
Year Source of variance DF F value Pr>F 
Seed maturation 
time 
 
2009 Emergence timing 4 0.58 0.6835 
2010 Emergence timing 4 4.42 0.0108** 
Seed Mass 
 
2009 Emergence timing 4 5.28 0.0050** 
2010 Emergence timing 4 2.39 0.1182 
 
 
Seed Germination 
during after-
ripening 
 
 
2009 Emergence timing 4 0.47 0.7549 
Seed After-ripening 
time 
3 26.76 <.0001** 
Cohort* After-
ripening time 
12 0.71 0.7289 
2010 Emergence timing 4 6.79 0.0049** 
Seed After-ripening 
time 
3 2.51 0.0778 
Cohort* After-
ripening time 
12 1.81 0.0932 
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 2635 
Table 3. Analysis of variance comparing common waterhemp seed population density in 2636 
the soil as influenced by cohort emergence timing and soil depths (0-2, 2-5, 5-15 cm) at 2637 
the Curtiss Farm, Ames, IA in 2009 and 2010  2638 
** represents significant difference at P=0.05 level. 2639 
Year Parameters in 
comparison 
Source of 
variance 
DF F value Pr>F 
2009 Seed population density Emergence 
timing 
4 10.86 0.0002** 
Soil Depth 2 22.73 <0.0001** 
Cohort* Soil 
Depth 
8 3.44 0.0059** 
2010 Seed population density Emergence 
timing 
4 7.81 0.0042** 
Soil Depth 2 299.58 <.0001** 
Cohort* Soil 
Depth 
8 3.39 0.0138** 
2009 Seed density at soil 
depth 0-2 cm 
Emergence 
timing 
4 17.98 <0.0001** 
Seed density at soil 
depth 2-5 cm 
Emergence 
timing 
4 1.52 0.2122 
Seed density at soil 
depth 5-15 cm 
Emergence 
timing 
4 0.10 0.9822 
2010 Seed density at soil 
depth 0-2 cm 
Emergence 
timing 
4 10.39 0.0001** 
Seed density at soil 
depth 2-5 cm 
Emergence 
timing 
4 6.81 0.0014** 
Seed density at soil 
depth 5-15 cm 
Emergence 
timing 
4 1.91 0.1505 
  2640 
  2641 
Figure 1. Daily precipitation, soil and air temperature at the Curtiss Farm in Ames, IA, in 2009 (1a) and 2010 (1b). Red solid line represents 2642 
maximum air temperature (MaxAirTemp), red dashed line represents minimum air temperature (MinAirTemp); blue solid line represents 2643 
maximum soil temperature (MaxSoilTemp) and blue dashed line represents minimum soil temperature (MinSoilTemp). The black bar 2644 
represents daily precipitation (mm). 2645 
a 
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Figure 1 (continued). 2647 
  2648 
b 
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Figure 2. Comparison of common waterhemp seed mass (g) produced by different cohorts 
in 2009 (a) and 2010 (b). X-axis is the cohort number, and Y-axis represents mean 10000 
seed weight (g) of mature seeds. The error bars are the standard errors. The diamond 
represents mean seed mass of seeds from different cohorts. The upper boundary of the 
box locates the 75th percentile of the data set while the lower boundary indicates the 25th 
percentile; the line in the box that indicates the median of the data; the vertical lines of the 
plot extending from the box and the circles indicate the minimum and maximum values in 
the dataset. 
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Figure 3. Comparison of mean common waterhemp cohort seed germination at different 
after-ripening times in 2009 (a) and 2010 (b). The x-axis is seed after-ripening time 
(months after harvest, MAH), the y-axis is the germination percentage. Each column 
represents the mean germination percentage of four randomly chosen plants from each 
cohort. The legend corresponds to each cohort were showed at the right side of the figure. 
The error bars represent standard error. 
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Figure 4. Germination of common waterhemp seeds from individual plants within each 
cohort for different after-ripening periods in 2009 (a, b, c and d) and 2010 (e, f, g and h). 
Each bar represents final germination percentage of seeds from an individual plant. The 
x-axis is the cohort, with duplicate plants in each cohort (4 plants in 2009 and 9 plants in 
2010).   The y-axis is the final germination percentage after a 14 day germination test 
with 16h/8h light/dark and alternating temperature of 22 ̊C /16 ̊C. The error bars represent 
standard error.
94 
 
 1 
2 
 3 
 4 
Figure 5. Common waterhemp seed population densities for different common 5 
waterhemp cohorts at different soil depths in 2009 (a) and 2010 (b). The x-axis is the 6 
cohort number and y-axis is the seed population densities in the soil seed bank (seeds/m3). 7 
The black bars represent the seed population densities (seeds/m2) of each cohort at each 8 
soil depth (averaged from soil samples within the plots designated for a cohort, 1 9 
plot/cohort in 2009 and 3 plots/cohort in 2010) in the soil seed bank. The error bars 10 
represent the standard error. 11 
a 
b 
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CHAPTER 4 THE RESISTANCE MECHANISMS AND ECOLOGICAL FITNESS 13 
OF GLYPHOSATE AND PROTOPORPHYRINOGEN OXIDASE RESISTANT 14 
AND SENSITIVE COMMON WATERHEMP (AMARANTHUS TUBERCULATUS 15 
(MOQ) SAUER) POPULATIONIS  16 
 17 
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 20 
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Abstract 22 
To gain information about common waterhemp (Amaranths tuberculatus syn. rudis) 23 
fitness costs associated with evolved resistance to protoporphyrinogen oxidase (PPO) 24 
inhibitor herbicides and glyphosate, greenhouse studies were conducted under non- 25 
competitive conditions. The common waterhemp populations in our study included two 26 
PPO resistant (R) populations (PPOB, PPOW), three glyphosate (Gly) R populations (Gly 27 
IA, Gly IL, and Gly MO) and a common waterhemp population from Iowa State 28 
University Curtis Farm (CUTS) that was susceptible to PPO and glyphosate herbicides. 29 
The studies were repeated twice but at different time during the year, which likely 30 
contributed to the inconsistent results.  The first experiments (designated Experiment 1) 31 
was started on May 22 and ended on August 28 in 2009 while the repeated experiment 32 
(Experiment 2) was started on November 2, 2009 and ended on March 1, 2010. We were 33 
able to show that all PPO and most Gly R populations had higher germination 34 
percentages and also germinate much faster than the susceptible (S) population.   Fitness 35 
costs on vegetative growth associated with PPO resistance existed in certain growth 36 
stages in common waterhemp.  Under favorable growing conditions (e.g. Experiment 1), 37 
S plants had faster growth rates during vegetative growth stage than the Gly R plants but 38 
the advantages disappeared when plant flowered. However in less favorable growing 39 
conditions (e.g. Experiment 2), no fitness costs were detected which were indicated by 40 
similar plant heights and stem diameters comparing Gly R and S populations. Fitness 41 
costs on reproductive biology associated with PPO resistance were not observed for the 42 
day of flower initiation time, reproductive effort, and seed mass in both experiments. 43 
However, a significant fitness costs in seed production were seen in PPO R populations in 44 
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Experiment 2.   Only one of the Gly R populations (Gly IA) differed from CUTS 45 
population in flowering time and seed production. Gly IA population took longer time to 46 
flower and had higher seed production than CUTS population in experiment 1, while 47 
flowered slower and had lower seed production than CUTS population in experiment 2.  48 
More robust methodologies involving the R and S populations with similar genetic 49 
background, different competitive and environmental conditions should be used to 50 
generate more consistent fitness data.  51 
Introduction 52 
As a notoriously troublesome weed that infests the Midwestern United States, the 53 
weediness of common waterhemp (Amaranthus tuberculatus) is noted to be closely 54 
related to its discontinuous emergence patter, rapid growth rate, high fecundity, and 55 
dioecious reproductive habit (Horak and Loughin, 2000; Sellers et al., 2003; Hartzler et 56 
al., 2004; Buhler and Hartzler, 2001; Burnside et al., 1996). Common waterhemp is a 57 
strong crop competitor and if allowed to persist 10 weeks after soybean unifoliolate leaf 58 
expansion, can reduced soybean seed yield by an average of 43% (Hager et al., 2002). 59 
Season-long common waterhemp competition can reduce corn yield by up to 74% 60 
(Steckel and Sprague, 2004b). Herbicides have been the major tools on which farmers 61 
have been relying to control this aggressive weed. 62 
Common waterhemp used to be relatively well-controlled by many herbicides including 63 
protoporphyrinogen oxidase (PPO) (EC 1.3.3.4) inhibiting herbicides. PPO-inhibitors are 64 
contact burners that are usually used as postemergence herbicides.  PPO-inhibiting 65 
herbicides target the step of conversion of protoporphyrinogen IX (Protogen) to 66 
protoporphyrin IX (Proto) during the heme and chlorophyll biosynthesis pathway, by 67 
inhibiting the PPO enzyme in plastid membranes (Beale and Weinstein, 1990).  PPO 68 
resistance in common waterhemp was first identified in Kansas in 2001 (Shoup et al. 69 
2003). The mechanism conferring resistance to PPO inhibitors in common waterhemp 70 
was found to be a codon deletion at position 210 (ΔG210) of the PPX2 gene and this is 71 
the only mechanism for PPO resistance identified to date (Patzoldt et. al., 2006; Thinglum 72 
et al., 2011).  73 
Another herbicide that effectively controlled common waterhemp was glyphosate. 74 
Glyphosate is broad-spectrum herbicide that effectively controls most broadleaf weeds 75 
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and grasses and is the world’s most widely used and important herbicide (Powles and 76 
Wilcut, 2008; Dill et al., 2008; Baylis, 2000). Glyphosate acts on the shikimate pathway 77 
by targeting the chloroplast enzyme 5-enolpyruvylshikimate-3-phosphate synthase 78 
(EPSPS, EC 2.5.1.19) (Steinrücken and Amrhein, 1980). Even though glyphosate has 79 
been used widely since 1970s, glyphosate resistance in common waterhemp was not 80 
documented until 2005 in Missouri (Patzoldt et al., 2005). To date, glyphosate resistance 81 
has been reported in 24 weed species in at least 20 different countries, which has created 82 
a very significant problem in world agriculture (Heap, 2012; Powles and Wilcut, 2008). 83 
Investigations have revealed three mechanisms endowing glyphosate resistance; target 84 
site mutation from proline to serine at amino acid 106 of the 5-enolpyruvylshikimate-3- 85 
phosphatesynthase (EPSPS) gene (Baerson et al., 2002; Jasieniuk et al., 2008); decreased 86 
translocation of glyphosate to meristematic tissues (Lorraine-Colwill et al., 2002) and 87 
most recently, the amplification of herbicide target site gene 5-enolpyruvylshikimate-3- 88 
phosphate synthase (EPSPS) which has been reported to be the molecular basis of 89 
glyphosate resistance in Palmer pigweed (Amaranthus palmeri) (Gaines et al., 2010). 90 
It is important to determine whether the presence of the herbicide resistance allele is 91 
associated with a fitness cost to the plant in the absence of the herbicide selection 92 
pressure. Fitness describes the potential success of a genotype, which can be defined as 93 
the ability of plants to produce offspring and the number of genes the plant can contribute 94 
to the total gene pool of the population (Radosevich et al., 1997). The measure of fitness 95 
should be based on survival, competition and reproduction characteristics of the plant 96 
biotype (Holt, 1990).  Relative fitness of herbicide resistant (R) and susceptible (S) weed 97 
biotypes is an important parameter in the theoretical models developed to predict the rate 98 
of resistance evolution in weed populations (Gressel and Segel, 1978). Predictions based 99 
on evolutionary theory suggest that the underlying molecular and/or physiological 100 
mechanisms conferring to herbicide resistance may have pleotropic effects, which could 101 
reduce plant fitness such as reduced plant growth and reproduction and thus compromise 102 
the adaptive value of evolved herbicide resistance (Vila-Aiub et al., 2009; Groeters et al., 103 
1994; Menchari et al., 2008).  104 
Fitness costs associated with glyphosate resistance has been studied in many weed species 105 
(Alcorta et al., 2011; Wakelin and Preston, 2006; Pedersen et al., 2007). Previous studies 106 
showed that Gly R weed populations tend to have different life history strategies under 107 
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different environmental settings as in Lolium rigidum (Pedersen et al., 2007); different 108 
competitiveness as in horseweed (Conyza canadensis) (Alcorta et al., 2011); and different 109 
vegetative and reproductive growth as in giant ragweed (Ambrosia trifida) (Brabham et 110 
al., 2011). In contrast, very few studies have been conducted to test the ecological fitness 111 
associated with PPO resistance in weeds. In the limited number of studies that have been 112 
conducted, no fitness cost was found to be associated with PPO resistance: PPO- R and -S 113 
common waterhemp were equally competitive since they were similar with regard to 114 
photosynthesis rate and plant biomass accumulation under both competitive and 115 
noncompetitive conditions (Duff et al., 2009). The objectives of these studies were to 116 
assess the ecological fitness costs on five common waterhemp biotypes imposed by 117 
resistance to glyphosate and PPO-inhibitor herbicides compared to a susceptible biotype 118 
under greenhouse conditions.  To do that, we first identified the resistance levels of the 119 
common waterhemp populations that we used. We then determined the resistance 120 
mechanisms (EPSPS gene amplification for glyphosate and PPX2 deletion for PPO 121 
resistance) of each herbicide resistance, which is thought to be a cause of the difference in 122 
fitness cost.  We compared germination characteristics, vegetative growth as well as 123 
reproduction success of each populations, which are the three most commonly measured 124 
fitness indicators. The results will help to fill the blank of knowledge about fitness data of 125 
glyphosate and PPO resistance in common waterhemp. 126 
Material and methods 127 
Identification and quantification of glyphosate and PPO-inhibitor herbicide 128 
resistance in five common waterhemp populations 129 
Seeds used in this study were from 2008 field collections from three fields located in IA 130 
(Gly-IA), Missouri (Gly-MO) and Illinois (Gly-IL), which were claimed by growers to be 131 
poorly controlled by glyphosate and two fields in Benton (PPOB) and Washington 132 
(PPOW) counties of IA that were suspected to be PPO-inhibitor herbicide resistant. Seeds 133 
were collected from mother plants that survived field treatments of glyphosate or PPO- 134 
inhibitor herbicides, cleaned and stored at -4°C until used. A common waterhemp 135 
population from the Curtiss Farm, Ames, IA (CUTS) which was known to be susceptible 136 
to glyphosate and PPO-inhibitor herbicides was designated as the S common waterhemp 137 
population and used for comparisons with the other common waterhemp populations.  138 
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In all greenhouse trials, 0.25 g or approximately 1200 seeds from the respective common 139 
waterhemp populations were sowed on to 25 X 50cm plastic greenhouse flats containing 140 
a peat: perlite: loam (1: 2: 1) soil media. The seeds were then covered with the same soil 141 
mixture at a depth of approximately 2 mm and watered. The flats were put in the 142 
greenhouse with temperature of 25 to 30 ̊C and with supplemental artificial lighting from 143 
metal halide lamps (600 mmol photon µE s-1 m-2) simulating a 16h light 8h dark 144 
photoperiod day. Two weeks after emergence, similarly sized common waterhemp 145 
seedlings were transplanted into 12 cm diameter pots; 3 plants per pot. All plants were 146 
maintained under greenhouse conditions described above and watered and fertilized as 147 
needed. Plants were sprayed with specific herbicides when they were 10 cm high. 148 
Lactofen and glyphosate were applied at 0, 0.25, 0.5, 1, 2, 4, and 8 times of typical field 149 
use rate, which were 2.24 kg ae ha -1 and 0.875 kg ha-1 respectively. The PPO treatments 150 
included 0.5% (v/v) crop oil concentrate (COC). Treatments were applied with a 151 
compressed air laboratory spray chamber equipped with an even flat-fan spray nozzle 152 
delivering 220 L ha-1 at 234 kPa. Treatment efficacy was evaluated two weeks after 153 
treatment (WAT) by estimating the percent foliar damage of treated plants compared with 154 
that of the control untreated plants. Asymptomatic plants were ascribed 0% herbicide 155 
injury, whereas completely necrotic plants (dead) received a 100% herbicide injury rating.  156 
At two WAT, counts of all surviving common waterhemp plants in each pot were 157 
recorded, and common waterhemp plants in each flat were harvested and weighed. Fresh 158 
weights were converted to a percentage of the untreated control using the untreated plants 159 
from each respective common waterhemp population. Dry biomass was calculated after 160 
drying plants at 35 C for 72 h. The experiment was repeated twice although plants were 161 
sprayed at younger stage in Experiment 2 than in Experiment 1 due to factors beyond our 162 
control. 163 
Testing Deletion-Specific PCR Marker for PPO resistance 164 
Presence of DG210 PPX2L allele in CUTS, PPOB and PPOW common waterhemp 165 
populations was studied on survivors from the PPO treatment described above fourteen 166 
days after the lactofen application using the protocol modified from a previous study (Lee 167 
et al., 2008). DNA was isolated from new leaf samples taken after herbicide treatment 168 
using the CTAB (hexadecyltrimethyl-ammonium bromide) method (Doyle and Doyle, 169 
1990). An allele-specific PCR (Polymerase Chain Reaction) marker was used to test for 170 
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the presence of DG210. PCR with primers PPX2LR-F, 59- tgttgcgggtacatgtgga-39, and 171 
PPX2LR-R, 59-tacttctggaaatg- tatgg-39, amplifies only the DG210 allele of PPX2L. 172 
Products were fractionated in 1% agarose gel containing 0.5 mg ml-1 ethidium bromide 173 
and visualized with ultraviolet light. After this marker was tested on a common 174 
waterhemp population of known PPO resistance mechanism (ACR) (Palzoldt and Hager, 175 
2005), the assay was applied to the CUTS and putative resistant PPOB and PPOW 176 
populations where the resistance mechanisms were unknown. Two replicates of six plants 177 
each from each population were processed in the same manner as outlined for ACR 178 
population (Lee et al., 2008). 179 
Testing EPSPS gene amplification for glyphosate resistance 180 
DNA extraction 181 
Genomic DNA (gDNA) was extracted from fresh leaf tissue of common waterhemp using 182 
the modified CTAB (hexadecyltrimethylammonium bromide) method (Doyle and Doyle, 183 
1990).  DNA concentration was quantified1 and subsequently diluted to 10 ng/µL for 184 
quantitative PCR, which is a simple method for determining the amount of a target 185 
sequence or gene that is present in a sample. 186 
Quantitative PCR (Polymerase Chain Reaction) assay for EPSPS amplification 187 
Quantitative PCR (qPCR) was used to estimate EPSPS gene copy number relative to an 188 
endogenous reference gene (9240) based on a modification of a similar method designed 189 
for Palmer amaranth (Gaines et al., 2010).  Two qPCR reactions were performed using 190 
genomic DNA (gDNA) from each plant: one specific for the EPSPS gene and one for the 191 
control gene CPS, which encodes the large subunit of carbamoylphosphate synthetase 192 
(EC 6.3.5.5) but is not involved with glyphosate resistance. 193 
One microliter aliquots of gDNA (10 ng/µL) were distributed individually on a 384-well 194 
plate, and each biological sample was done in triplicate.  To each sample 9 µL of master 195 
mix containing 1x SYBR Advantage qPCR premix2 1x ROX LSR reference dye, 0.3 µM 196 
each primer, and water was added for a final reaction volume of 10 µL.  Primers for the 197 
reference gene were 9240qF (5´-ATTGATGCTGCCGAGGATAG) and 9240qR (5´- 198 
GATGCCTCCCTTAGGTTGTTC), and for the target gene EPSqF2 (5´- 199 
                                                
1 using a Thermo Scientific NanoDropTM 1000 Spectrophotometer 
2 Clontech Laboratories, Inc., Mountain View, CA 
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GGTTGTGGTGGTCTGT TTCC) and EPSqR2 (5´-CATCGCTGTTCCTGCATTTC).  200 
Amplicon sizes were 78 bp and 81 bp, respectively.   qPCR parameters3 were: 50 ̊C for 2 201 
min, 95 ̊C for 10 min, and 40 cycles of 95 ̊C for 30 sec and 60 ̊C for 1 min.  Following the 202 
final qPCR cycle, a dissociation curve analysis was implemented to monitor amplicon 203 
specificity by first holding the temperature at 95 ̊C for 4 min, then decreasing to 55 ̊C for 204 
4 min, and then slowly ramping the temperature to 95 ̊C.  The dissociation peak for both 205 
control and target products was 74 ̊C.  The detection threshold (Ct) was set automatically 206 
for all experiments4. 207 
Relative quantification by the comparative Ct (2-ΔΔCt) method 208 
Relative quantification of EPSPS (target gene) to CPS (endogenous control) was 209 
measured using the comparative Ct (2-ΔΔCt) method (Pfaffl, 2001).  Relative standard 210 
curves for each gene were generated from a 5x dilution series (100ng, 20ng, 4ng, 0.8ng, 211 
0.16ng) using a glyphosate-susceptible (Gly S) biotype of waterhemp from Wayne Co., 212 
IL (WCS) known to lack the EPSPS amplification mechanism of resistance.  213 
Amplification efficiencies for each gene were determined using the equation:  214 
E = [10!!/!"#$%- 1] × 100 [Equation 1] 215 
Standard curve plots for both genes had high correlation coefficients (r2 ≥ 0.99) and 216 
slopes within the acceptable range of -3.6 and -3.1 (90-110% efficiency).  Using the data 217 
from the two standard curves, a validation experiment was performed by plotting ΔCt 218 
values, the difference between the average Ct of EPSPS and average Ct of CPS, against 219 
the log-transformed concentration of gDNA.  The absolute value of the slope was ≤ 0.1, 220 
which demonstrates equal PCR efficiencies of the two genes (Livak and Schmittgen 221 
2001).  Mean Ct values and standard deviations were calculated for each biological 222 
sample.  The ΔΔCt value was calculated by subtracting the ΔCt of the Gly S biotype 223 
WCS (i.e., the calibrator sample) from the ΔCt of each biological sample.  The fold- 224 
difference and range in EPSPS copy number relative to WCS were calculated by 2-ΔΔCt 225 
with ΔΔCt ± sd, where sd is the standard deviation of the ΔΔCt value.  qPCR was 226 
performed twice on random samples from each population (Gly MO, Gly IA, and Gly IL) 227 
to verify results.  228 
                                                
3 ABI Prism 7900 Detection System 
4 ABI SDS 2.4 software 
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ΔCt = avg Ct (EPSPS gene) - avg Ct (reference gene) [Equation 2] 229 
Germination and dormancy characteristics of herbicide-resistant and -susceptible 230 
common waterhemp biotypes 231 
An arbitrarily chosen sample of 30 seeds for R and S biotypes from field collections 232 
described previously was used for germination tests. Seeds were placed in a six well cell 233 
culture cluster plate5 with 1.0 ml deionized water and placed inside a germination cabinet 234 
under white light (200 µE s-1 m-2 for 16h) and a temperature regime of 31.3 C for 16 h and 235 
21.5 C for 8 h. Germination percentages were recorded daily for 14 days. Germination 236 
tests were repeated. A seed were considered germinated when radical protrusion was 237 
observed. At the end of the experiment, non-germinated seeds were subjected to a seed 238 
crush test to determine viability (Sawma and Mohler, 2002).  Cumulative seed 239 
germination values for each population were fitted to a functional three-parameter 240 
sigmoidal model where:  241 
G (%)=a/(1+!![(!!!!!")/!])[Equation 3] 242 
G is cumulative germination over time x expressed as a percentage, a is the maximum 243 
germination, tG50 is the time required to reach 50% of final seed germination (days) and b 244 
indicates the slope around tG50 (Vila-Aiub et al., 2005). Parameter b indicates the 245 
distribution of the response (germination) over time, with lower b-values indicating that a 246 
high proportion of the population germinates around tE50. Data were pooled when no 247 
statistically significant differences (P< 0·05) were found between regression models from 248 
individual experiments. Germination values were logarithm transformed to meet the equal 249 
variance requirement of the data analysis (Scott and Jones, 1985). Parameter estimates 250 
were compared by one-way ANOVA and means separated using Tukey’s HSD multiple 251 
comparison test (α= 5%) (Tukey, 1949). 252 
Comparison of fitness of herbicide-resistant and -susceptible common waterhemp 253 
biotypes in the greenhouse 254 
In greenhouse, 0.25 g or approximately 1200 seeds from the respective common 255 
waterhemp populations were broadcast into 25 × 50 cm plastic greenhouse flats and 256 
allowed to germinate under the same greenhouse conditions as described above. Two 257 
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weeks after emergence, 20 similar sized common waterhemp seedlings from each 258 
population were transplanted into 12 cm diameter pots, 1 plant per pot. All plants were 259 
maintained under greenhouse conditions described above and watered and fertilized as 260 
needed. The 20 plants were used to measure vegetative and reproductive characteristics 261 
including plant height, stem diameter, flowering time, reproductive effort, and seed 262 
production.  The experiments were repeated but the repeated experiments were conducted 263 
during different times of the year. The first experiments (designated Experiment 1) was 264 
started on May 22 and ended on August 28 in 2009 while the repeated experiment 265 
(Experiment 2) was started on November 2, 2009 and ended on March 1, 2010. The 266 
results differed significantly between experiments thus were presented separately. 267 
Environmental conditions of Experiment 1 are relatively more favorable for plant growth 268 
than in Experiment 2 due to higher light intensity and longer photoperiod. 269 
Vegetative and reproductive growth 270 
Plant heights and stem diameters, as indicators of vegetative growth, were measured 271 
weekly for all 20 plants from each common waterhemp population included in the 272 
experiments. Plant height was measured during both vegetative and reproductive growth 273 
stages (separated by time of flower initiation) and at the week of harvest, which was from 274 
week 2 until week 14 for Experiment 1 and from week 2 until week 17 in Experiment 2. 275 
Diameter of the principal stem was measured 1 cm from soil surface. Plant stem diameter 276 
was only measured from week 2 until week 7 because stem diameter did not change after 277 
week 7 when plant initiated flowering. Plant height was measured as the distance from 278 
soil surface to the top of the plants by using a steel tape. Vegetative growth period was 279 
defined as the time interval between plant emergence and flowering and reproductive 280 
growth period was defined as time interval between flowering and when plants generated 281 
seeds. The flowering date of plants was recorded when there were recognizable 282 
inflorescences. At harvest, common waterhemp roots and shoots were separated at the 283 
soil surface. Common waterhemp leaves and stems were separated from inflorescence 284 
and dried for 3 d in a dryer at 35 C and weighed. Reproduction efforts (RE) was 285 
determined using the following equation (Abrahamson and Gadgil, 1973):  286 
Reproductive Effort= !"#$%&'()*+"! "#$%&&!"#$%&'()*+"! "#$%&&!! "#"$%$&'"! "#$%&&!  [Equation 4] 287 
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Reproductive biomass included the inflorescence and seeds while vegetative biomass 288 
included all aboveground stems and leaves. Experiments were repeated twice during 289 
different seasons of the year as described above. 290 
Fecundity and seed viability  291 
Five female plants from the greenhouse study were arbitrarily chosen from each common 292 
waterhemp biotype and inflorescences were separated from stems and leaves in the 293 
laboratory. Seeds were harvested approximately 40 days after flowering, cleaned and 294 
divided into two classifications by degree of maturity (shiny black, filled seeds; light 295 
brown, relatively imperfect compared with filled seeds). After seed separation, seeds in 296 
each classification were counted and 10000-seed-weights were calculated. A tetrazolium 297 
(TZ) test was conducted to determine the seed viability of each common waterhemp 298 
population using the procedure provided by the Seed Testing Laboratory of Iowa State 299 
University (Iowa State University Seed Testing Laboratory, 2009). 300 
Statistical design and analysis for greenhouse experiments  301 
 In the Identification and quantification of glyphosate and PPO resistance experiments 302 
experiment, all treatments were replicated four times. A three-parameter logistic equation 303 
was used to calculate the herbicide dose resulting in 50% injury to common waterhemp 304 
and dry weight using the R statistical software program with the drc (dose response 305 
curves) extension package (Knezevic et al., 2007; R Development Core Team, 2006):  306 
Y = d/(1 + exp b[log(x) - log(e)]) [Equation 5] 307 
 In this equation, Y is visual injury or dry weight and zero is assumed to be the lower 308 
limit, d represents the upper limit, e represents the herbicide rate resulting in 50% injury, 309 
and b represents the slope. 310 
 311 
For fitness measurements, all greenhouse experiments were arranged in a completely 312 
randomized block design (RCBD) during vegetative growth. Plants from each population 313 
were distributed into different greenhouse rooms after initiation of flowering to avoid 314 
pollen contamination among populations. Each experiment was conducted twice, and all 315 
data were subjected to ANOVA using the PROC Glimmix procedure in SAS and tested 316 
for appropriate interactions (Version 9.2, SAS Institute Inc., 2008). Data were pooled 317 
when interactions between experiment runs were not detected. Parameter estimates such 318 
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as flowering time, seed production per plant, reproductive effort, seed mass, were 319 
compared by one-way ANOVA and means separated using Tukey’s HSD multiple 320 
comparison test (α= 5%) (Tukey, 1949). 321 
Results and discussion 322 
In our study, we first identified and quantified the resistance status of each putative 323 
glyphosate and PPO resistant common waterhemp populations by spaying the 324 
corresponding herbicide at different rates. Plants with higher injury were considered as 325 
less resistant. Then we further determined the resistant mechanisms of putative PPO- and 326 
Gly- resistant common waterhemp populations using molecular marker techniques. After 327 
that we assessed the fitness costs associated with PPO and glyphosate resistance by 328 
measuring plant height, stem diameter, flowering time, seed production and seed mass per 329 
plant for each population. Our results are presented and discussed as follows:  330 
Identification and quantification of glyphosate and PPO-inhibitor herbicide 331 
resistance in five common waterhemp populations 332 
Resistance levels were determined for each putative PPO and glyphosate common 333 
waterhemp population by quantifying their injury responses to lactofen and glyphosate 334 
rates, respectively. While the experiments were repeated, we failed to detect the 335 
differences in herbicide responses among populations in Experiment 1. Only results from 336 
Experiment 2 showed difference among putative R and S populations. Our results in 337 
Experiment 2 showed that, lactofen caused less severe injury symptoms on both PPOB 338 
and PPOW population than CUTS population 14 days after treatment (DAT) (Figure 1a). 339 
Symptoms increased as the rate of the herbicide increased (Figure 1a). Visible injury was 340 
also less in two of the three putative Gly R populations (Gly IA and Gly IL) than in Gly S 341 
population CUTS. However, glyphosate caused similar injury symptoms in Gly MO and 342 
CUTS population (Figure 1 b). The variability and lack of difference in dose responses 343 
among the common waterhemp populations was unexpected, since all populations 344 
included in our study were categorized as exhibiting resistance in the field and thus were 345 
collected. Several reasons could account for this inconsistency. It is possible that the 346 
population is still under segregation and the plants sprayed were the S phenotype. 347 
Another reason that may have affected the inconsistencies between experiments could be 348 
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different application times: plants were sprayed at a much younger stage in Experiment 2 349 
than in Experiment 1. The resistance levels here were much lower than what were 350 
reported in previous studies (Shoup, 2003; Duff et al., 2009). 351 
Herbicide resistance mechanisms 352 
After examination of the resistance status of the tested common waterhemp populations 353 
(Figure 1), we investigated the molecular basis of both PPO and glyphosate resistance in 354 
the respective common waterhemp populations. The results showed that PPO resistance 355 
in the putative PPO-resistant populations from IA was caused by a three base pair 356 
deletion at the position 210 in exon 9 of PPX2 gene mutation (Figure 2).  EPSPS gene 357 
amplification was determined to account for the resistance mechanism in two of the 358 
putative Gly R populations from IA and Illinois (Gly IA and Gly IL). The average 359 
amplification of EPSPS gene was 4.1 and 8.4 folds for Gly IL and Gly IA respectively 360 
(Table 1).  Surprisingly, no increase in EPSPS gene amplification was found in Gly MO 361 
population which is consistent with our greenhouse herbicide screening results in which 362 
Gly MO population showed a lower resistance level than other populations (Figure 1b). In 363 
order to attribute the differences among common waterhemp populations to herbicide 364 
resistant alleles instead of other confounding factors, populations with similar genetic 365 
background should be used.   366 
Fitness cost attributable to PPO and glyphosate resistances in common waterhemp 367 
Germination patterns of seeds from each field-collected common waterhemp populations 368 
were tested.  The same seeds were planted in the greenhouse for further study of life 369 
history traits of the putative herbicide resistant populations. After emergence, life history 370 
traits of 20 plants of each population were measured and compared. The life history traits 371 
that were measured included, vegetative growth, specifically plant height and stem 372 
diameter, flowering time, and seed production. The statistical analysis results were shown 373 
in Tables 1 and 2. The observed significant differences in plant life history traits between 374 
the two experiments was likely the result of the different greenhouse conditions that were 375 
present at the time of each experiment.  Thus, data from the two experiments could not be 376 
combined and are presented separately. 377 
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Fitness cost in seed germination  378 
Both Gly and PPO R common waterhemp populations differed on germination 379 
characteristics compared to the common waterhemp S population (Tables 2, 3, 4; Figure 380 
3). This is the first report of germination characteristics of PPO and Gly R common 381 
waterhemp populations. Germination was significantly different between common 382 
waterhemp R and S populations for both PPO and Gly R biotypes (Table 4). The S 383 
population (CUTS) had a much lower final germination percentage than PPO R 384 
populations; germination percentages for the S population were ¼ and ½ to that of PPO R 385 
populations in Experiment 1 and Experiment 2, respectively (Figure 3a and b). Similar 386 
results were seen comparing the Gly R and S populations; the germination percentages 387 
for Gly R populations (Gly MO, Gly IL, and Gly IA) were 2 to 4 times higher than that of 388 
S population (CUTS) in Experiment 1 and 30% to 50% higher than that of S population in 389 
Experiment 2 (Figure 3). Overall germination percentages in Experiment 2 were higher 390 
than Experiment 1 and may have been partially due to the fact that Experiment 2 was 391 
conducted one year later than Experiment 1 and thus seeds were stratified for a longer 392 
period at -4 ̊ C storage conditions.  However, given the consistent higher germination of 393 
the R common waterhemp populations compared to the S population, it is clear that 394 
resistance influenced seed germination. 395 
 396 
Furthermore, Gly and PPO R populations not only had higher overall germination 397 
percentage than the S population, they also took less time to reach 50% of final 398 
germination percentage than S populations, possibly indicating a lower dormancy level 399 
and thus more active germination status of R populations (Table 4). The faster 400 
germination rate is indicated by parameter b in the sigmoidal parameters from equation 3.  401 
This finding is consistent with previous research on germination characteristics of 402 
sulfonylurea- R and S kochia (Kochia scoparia), where the R biotype reached 50% and 403 
maximum germination before S biotype (Thompson et al., 1994). In another study on 404 
downy brown, the R downy brown biotype germinated 27 h earlier than the S biotype and 405 
achieved over 60% of the total germination by the time the S biotype initiated 406 
germination at 5 ̊ C germination temperatures. However, the R biotype did not differ from 407 
the S biotype when germinated at 5, and 25 ̊C (Park et al., 2004).  408 
 409 
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Interestingly, we did not find any difference in final germination percentage between the 410 
two PPO R populations. However, there were significant differences among Gly R 411 
populations (Figure 3 c and d). Differential germination in the same species with different 412 
resistant mechanisms has been reported (Vila-Aiub et al., 2005). For example, target site 413 
or non-target site resistance appeared to influence the germination behavior of different 414 
herbicide resistant weed populations. In a study comparing L. rigidum S populations with 415 
R populations possessing target-site (ACCase) resistance and non-target site, cytochrome 416 
P450-based metabolic resistance, seeds with the target-site ACCase resistance did not 417 
germinate at constant temperatures and had the highest base temperature (Tb) for 418 
germination compared with S- and P450-based R populations. Furthermore, seeds with 419 
the target-site ACCase resistance also required more time to reach 50% emergence than 420 
the S- and P450-based R phenotypes. However, whether or not the different germination 421 
response among Gly R populations was due to a different resistant mechanism remains a 422 
question and suggests the need for further studies.  423 
 424 
What is worthy of mentioning, we can hardly draw a sound conclusions on fitness costs 425 
associated with PPO and glyphosate resistance with only limited data of germination 426 
under one environmental setting. Plants with higher germination percentages may not 427 
necessarily be advantageous over those with a lower germination percentage, especially 428 
in unpredictable environments where higher germination could be a disadvantage since it 429 
can put the whole population at high risk of survival. Therefore, further studies involving 430 
different germination conditions should be conducted to test whether the S population has 431 
higher the germination plasticity and more sound dormancy regulation ability, which 432 
contribute more to ecological fitness. Further research should be done to testify this 433 
hypothesis.  434 
Fitness cost in vegetative growth 435 
Previous studies indicated that there was no fitness cost associated with PPO resistance in 436 
common waterhemp (Duff et al., 2009). In our study, fitness costs to vegetative growth 437 
associated with PPO resistance existed in certain growth stages in common waterhemp. In 438 
both experiments, we observed strong interactions between plant height and growth time 439 
suggesting that fitness costs attributable to PPO resistance may be in evidence but only 440 
during certain plant growth stages (Jordan, 1996; Westhoven et al., 2008). In Experiment 441 
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1, both R and S plants had similar plant heights week 2 until week 4. However, from 442 
week 4 to week 7, significantly higher plant height and larger stem diameter were 443 
observed in the S population, (Figure 4a and 5a). Interestingly, the advantage of S 444 
population in vegetative growth was compensated after plants transitioned into 445 
reproductive growth, which started at week 7 (Figure 4a and 5a). Different results in plant 446 
heights were observed in Experiment 2. S plants did not show an advantage over PPO R 447 
plants in plant height until reproductive development was achieved seven weeks after 448 
emergence (Figure 4b).  Stem diameter was not different between R and S populations 449 
except for certain time period during vegetative growth in Experiment 1 (Figure 5 a and 450 
b).  451 
 452 
Similar results concerning the fitness cost on vegetative growth associating with herbicide 453 
resistance were seen in Gly R common waterhemp populations. Again, there were strong 454 
interactions between plant height/stem diameter and growth time suggesting inconsistent 455 
growth rate. The differential growth rate indicated that fitness cost in vegetative growth 456 
for glyphosate resistance, if in existence, was not consistent throughout the entire growth 457 
of plants (Table 2, 3).  Similar to the case of PPO resistance, results from the two 458 
experiments were inconsistent. Plant height of Gly R and S populations were not different 459 
during the early growth, week 2 to week 4 in Experiment 1. From week 4 to week 7, S 460 
plants grew faster and thus were taller than the Gly R plants.  However, the advantage of 461 
S plants disappeared after plants began flowering, which began seven weeks after 462 
emergence (Figure 4c and Figure 5c). Results from the Experiment 2 were interesting 463 
because most Gly R populations did not differ from S population in both plant height and 464 
stem diameter. One exception was that the Gly MO population had higher plant height 465 
and larger stem growth than the other populations during vegetative growth stages (Figure 466 
4d; Figure 5d). Rapid early growth allows the plant to capture more resources before 467 
transitioning to reproductive growth, and has also been documented in other Gly R weed 468 
species such as giant ragweed (Ambrosia trifida) and horseweed (Grantz et al., 2008; 469 
Brabham et al., 2011). A Gly R horseweed biotype produced 40% more shoot biomass 470 
than the S biotype by 50 days after planting. Our results in Experiment 1 differ with these 471 
reports since we saw more vigorous growth in S population. However, we did see a more 472 
rapid early growth in one of our Gly R populations Gly MO in Experiment 2.  However, 473 
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the reason for the differential growth of the Gly R populations was not reported thus 474 
unknown but worthy of further study. 475 
 476 
Biomass is the accumulative effect of plant growth as depicted in Figure 6. For PPO and 477 
Gly R common waterhemp biotypes, there were no statistically significant differences 478 
among R biotypes and for comparisons with the S population for the Experiment 1 479 
(Figure 6 a, c). However, a significant difference which may represent a fitness cost was 480 
detected in Experiment 2.  The average biomass for individual PPO R biotype plants was 481 
half of that for the S (CUTS) common waterhemp population. However, only one of the 482 
Gly R populations had significantly lower biomass than the S (CUTS) population (Figure 483 
6 b, d).  484 
 485 
Fitness costs that are associated with plant biomass accumulation have been documented 486 
in other weed species. For example, in L. rigidum, R populations produced less above 487 
ground biomass than the S populations during the vegetative developmental stages. The 488 
reduced biomass production in the R phenotypes corresponded to a reduced relative 489 
growth rate and a lower net assimilation rate and rate of carbon fixation (Vila-Aiub et al., 490 
2005). Similarly in sulfonylurea R and S prickly lettuce (Lactuca serriola), S biotypes 491 
produced 31% more aboveground biomass than R biotypes and accumulated biomass 52% 492 
faster than R biotypes (Alcocer-Ruthling et al., 1992). Plant biomass is an indicator of 493 
plant competitiveness (Holt, 1990). Thus, plants that accumulate more biomass are 494 
usually more competitive. The ability of plants to compete with their neighbors is largely 495 
determined by the capacity to capture resources. If using plant size as an absolute 496 
measure of resources capture, larger plants are expected to have stronger ability to capture 497 
resources and thus have an advantage in competitiveness over smaller plants (Goldberg, 498 
1990). Therefore, PPO and glyphosate resistance may be potentially associated with 499 
fitness penalties in plant growth. If this is indeed the case, without herbicide selection 500 
pressure, common waterhemp PPO and Gly R biotypes would be expected to decrease in 501 
the population. However, the inconsistent results from the two greenhouse experiments 502 
suggest strongly that further study is needed to confirm whether or not there is a fitness 503 
penalty in vegetative growth associated with glyphosate and PPO resistance in common 504 
waterhemp. 505 
 506 
111 
 
The significant differences in plant height, stem diameter and above ground biomass 507 
comparing our two experiments, which were conducted during different times of the year, 508 
could be explained by the strong influence of light/photoperiod on the growth of 509 
waterhemp. As a C4 plant, light is a limiting factor to growth of common waterhemp 510 
(Costea et al., 2005). Therefore, the growth of common waterhemp and resulting 511 
accumulated biomass are profoundly influenced by growth season; the greenhouse 512 
conditions differed in light conditions and photoperiod for Experiment 1 and 2 and thus 513 
likely influenced the growth of common waterhemp populations (Steckel and Sprague 514 
2004a). Since a fitness penalty may be more in evidence when growth-limiting factors are 515 
present, it is wise to take this fact that into account in future studies in controlled 516 
environments. 517 
Fitness cost in reproductive success 518 
Flowering initiating time (days after emergence) was not different between PPO R and S 519 
populations in both experiments (Table 2; Figure 7 a and c). However, at least some of 520 
Gly R populations differed from the S population in the time requirements to initiate 521 
flowering in both experiments (Figure 7 band d). In Experiment 1, the Gly IA population 522 
initiated flowering 8 days earlier than S population (CUTS). However, the Gly IL 523 
population started flower stage 8 days later than the S population (Figure 7 b and d). 524 
There was no difference between flower initiation for the Gly MO population and CUTS 525 
population. A similar trend was observed in Experiment 2 except that a longer time 526 
before flower initiation was observed compared to Experiment 1.   527 
 528 
Previous studies were not consistent in fitness cost in flower initiation associated with 529 
herbicide resistance. Organic arsenical-S and -R common cocklebur (Xanthium 530 
strumarium) biotypes were similar in days to flowering (Haigler et al., 1994). However, 531 
in Arabidopsis thaliana, delayed flowering in R biotypes compared with S biotypes has 532 
been reported (Roux et al., 2004). However, it seems that the overlaps in flowering 533 
among flowering plants between R and S populations matters more than the exact time of 534 
flowering the populations. Asynchronous flowering phenology has its ecological 535 
significance for out-crossing plants such as common waterhemp. Different flowering 536 
times can prevent the exchange of heritable traits between R and S plants and thus delay 537 
the dispersal of R genes (Roux et al., 2004). Therefore, the flower initiation for R 538 
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populations, no matter if it is ahead of or delayed from the S populations, as we observed 539 
in our Gly R populations, can be considered as a negative trait, which may lead to 540 
decreases in the frequency of resistance alleles in the population.  Since the different 541 
behaviors of three Gly R populations in time requirements to initiate flowering, it was 542 
hard to conclude whether there was a flowering time fitness cost associated with 543 
glyphosate resistance.  Therefore, we conclude that a fitness cost in flowering time does 544 
not associate with PPO resistance but may be a factor associated with glyphosate 545 
resistance in common waterhemp. The reason why PPO resistance and glyphosate 546 
resistances differ in their influence on flowering time is unknown but possibly may be 547 
due to different resistance mechanisms and thus is worthy of further study.   548 
 549 
 We then compared reproductive production and reproductive effort of PPO and Gly R 550 
waterhemp populations with the S population and found that PPO R populations produced 551 
the same or more seeds than S population in Experiment 1, when growth conditions was 552 
relatively favorable (Figure 8a). Surprisingly, seed production of PPO R populations was 553 
much lower than the S population in Experiment 2 where plants experienced relatively 554 
unfavorable growing conditions (Figure 8c). Interestingly, the reproductive efforts were 555 
similar in both experiments with PPO R populations having slightly higher reproductive 556 
effort values (Figure 8b and d). A similar trend was seen for the Gly R populations and 557 
the CUTS S population (Figure 9). In Experiment 1, Gly MO and Gly IL populations 558 
produced the same amount of seeds as CUTS population did and seed production of Gly 559 
IA population was 2.25 times greater than that of the CUTS S population. However, in 560 
Experiment 2, seed production of Gly IA was only 30% of that of S population and no 561 
significant difference in seed production were seen between S population and the Gly IL 562 
and Gly MO populations (Figure 9 a, c). The reproductive effort were much higher in Gly 563 
R populations in Experiment 1 while no difference was observed between R and S 564 
populations in their resource allocation pattern in Experiment 2 (Figure 9 b and d). 565 
Previous studies detected no relationship between the magnitude of the fitness cost and 566 
the level of resistance in Escherichia coli (Reynolds, 2000). However, if the differential 567 
behavior of Gly R populations was due to the different resistance levels of the R 568 
populations, as shown in Figure 1, further study should be done. 569 
 570 
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Previous studies were not consistent with regard to the fitness cost associated with 571 
reproductive production. For example in L. rigidum, no apparent fitness penalties were 572 
observed in Gly R biotypes based on seed production estimates, even though there is 573 
fitness cost during vegetative growth (Westhoven et al., 2008). However, in transgenic, 574 
chlorsulfuron-resistant A. thaliana, a 34% reduction in seed production was found in R 575 
populations relative to the S population (Bergelson et al., 1996). In our study, seed 576 
production results were not consistent in the 2 experiments and a fitness cost was only 577 
observed for some of the populations in Experiment 2 when growing conditions were 578 
relatively less favorable.  This was not unexpected because it has been reported that the 579 
reproductive cost was only evidenced when resistant weeds have to compete with 580 
susceptible ones for resource (Anderson et al., 1996). Therefore, we suspect that the lack 581 
of resources for common waterhemp to grow either indirectly results from competition or 582 
directly from the adverse growth environment, can influence the magnitude of fitness cost 583 
in reproductive production (Al-Ahmad et al., 2005).  584 
 585 
However, assuming a plant species is more competitive on the basis of seed production 586 
alone may be inaccurate or misleading. For example in Easter black nightshade (Solanum 587 
ptycanthum), acetohydroxyacid synthase (AHAS; EC. 4.1.3.18) R populations had lower 588 
reproductive success than susceptible populations under optimal water and temperature 589 
regimes (Jamshid and Tardif, 2011). However, under lower or higher than optimal 590 
watering regimes, a fitness cost was not detected since R and S plants had comparable 591 
seed production. Instead, reproductive effort may be a better estimate of reproductive 592 
success than seed production concerning plant fitness, since it is more consistent and less 593 
affected by experimental conditions compared with seed production in our study. As 594 
mentioned before, the environmental conditions in Experiment 2 were less favorable than 595 
in Experiment 1. PPO and Gly R populations were able to maintain similar resources 596 
allocation patterns or even had higher reproductive effort than S populations in both 597 
experiments, which indicated that R populations may be more effective in attributing their 598 
resources into reproduction than S populations (Figure 8 b and d; Figure 9 b and d). This 599 
constant resource allocation strategy, as indicated by consistent reproductive effort value, 600 
may enable PPO and Gly R populations to have the same or higher tolerance of adverse 601 
environmental conditions, such as water and temperature stress as the S populations.  602 
 603 
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Plant fitness depends not only on seeds production, but also on seed quality, which will 604 
influence the success of establishment and growth of next generation (Pederson et al., 605 
2006). Seeds size has been documented to influence many plant attributes such as seed 606 
dormancy, seedling emergence and establishment, plant height and growth (Leishman et 607 
al., 2000). Therefore, we compared seed mass of PPO and Gly R populations with an S 608 
population in common waterhemp. Although previous studies report greater seed mass in 609 
herbicide resistant weeds than the susceptible counterparts (Pedersen et al., 2007), we did 610 
not find significant differences in seed mass comparing PPO and Gly R common 611 
waterhemp populations and the S population. Thus, we detected no fitness cost in seed 612 
mass associated with PPO and glyphosate resistance in common waterhemp populations 613 
included in the experiments (Figure 10). Since larger seed size can facilitate seed 614 
germination by providing a larger resource pool, the seeds from R populations would be 615 
as tolerant as seeds of S population under adverse environments and will have no 616 
disadvantage in providing a resource pool for germination (Dawson and Ehleringer, 1991).   617 
Conclusions 618 
The mechanisms of PPO and glyphosate resistance have been discovered and widely 619 
reported, however the ecological fitness associated with glyphosate and PPO inhibitor 620 
herbicide resistance in common waterhemp is poorly understood.  Our research was able 621 
to provide insights into possible fitness costs attributable to PPO and glyphosate 622 
resistance in common waterhemp using field-detected R common waterhemp populations. 623 
We were able to show that PPO and Gly R common waterhemp populations had higher 624 
germination percentages and also germinate much faster than the S population. 625 
Environmental conditions and plant growth stages had significant influence on the fitness 626 
costs associated with common waterhemp vegetative growth.  Fitness costs on vegetative 627 
growth associated with PPO resistance existed at least in certain growth stages in 628 
common waterhemp. Under favorable growing conditions (e.g. Experiment 1) the S 629 
populations had a faster growth rate than the Gly R populations during later portion of 630 
vegetative growth stage but the advantages disappeared when plants initiated flowering.  631 
However in less favorable growing conditions (e.g. Experiment 2) no fitness costs were 632 
detected as indicated by similar plant heights and stem diameters comparing the Gly R 633 
and S populations. Similar results were found in fitness effect for reproductive biology; 634 
flowering time, reproductive effort, and seed mass were not different comparing the PPO 635 
115 
 
R and S plants in both experiments.  However a significant fitness costs in seed 636 
production was seen in PPOW population in Experiment 2. Flowering time and seed 637 
production were significantly different comparing the CUTS S common waterhemp 638 
population and the Gly IA population. The Gly IA population had much higher seed 639 
production than CUTS population in Experiment 1, while the seed production of Gly IA 640 
population was much lower than the CUTS S population in Experiment 2.    641 
 642 
Fitness penalties associated with herbicide resistance have been extensively studied and 643 
reported. However not all of the researchers were able to detect any fitness cost 644 
attributable to herbicide resistance, and the results varied with weed species, resistance 645 
mechanisms, herbicide groups, experimental conditions (e.g. competitive versus non- 646 
competitive) and even the weed growth stages (Vila-aiub et al., 2005, 2009; Westhoven et 647 
al., 2008; Park et al., 1996, 2004). Many standards should be followed when setting up a 648 
robust fitness study. First, the mechanism and genetic basis of resistance should be known 649 
since it largely decides the existence, magnitude and nature of resistance penalty (Coustau 650 
et al., 2000; Roux et al., 2004). Second, herbicide resistance fitness costs should be 651 
measured under competitive conditions if an herbicide resistance allele results in impaired 652 
ability to capture resources (Harper, 1977; Weiner, 1990; Reboud and Till-Bottraud, 1991; 653 
Baldwin, 1998; Glawe et al., 2003). Third, fitness should be compared throughout the life 654 
cycle of plants (Neve, 2007). Our data provide a glimpse of the fitness cost associated 655 
with PPO and glyphosate resistance in common waterhemp; we suggest using a more 656 
robust methodology involving control of genetic background of the R and S populations, 657 
different competitive and environmental conditions to generate more consistent fitness 658 
data which was lacking in this study. 659 
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Table 1. Assessment of EPSPS1 gene amplification in four common waterhemp 908 
populations2 using the Comparative CT Method3. Data were summarized from three 909 
independent experiments. qPCR4 was performed twice on random samples from each 910 
population to verify results.   911 
Waterhemp 
Population 
Average 
CT for 
EPSPS ± 
SE5 
Average 
CT for  ∆CT7± SE 
∆∆CT8± 
SE 
Fold changes 
of EPSPS 
relative to 
9240 
9240 6± SE 
CUTS 22.02±0.17 22.23±0.21 0.21±0.29 -0.10±0.29 1.12 (0.92-1.37) 
Gly MO 24.83±0.15 24.89±0.20 0.06±0.26 -2.88±0.26 0.97 (0.80-1.17) 
Gly IL 21.98±0.22 24.63±0.21 2.65±0.32 -1.94±0.32 8.41 (7.02-10.22) 
Gly IA 22.86±0.13 24.68±0.20 1.82±0.25 0.07±0.25 
4.04 
(3.41-4.79) 
1 Chloroplast enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC 2.5.1.19) ; 2 GLY-IA, 912 
GLY-MO and GLY-IL are three glyphosate resistant common waterhemp population collected from IA, 913 
Missouri and Illinois, respectively  in 2008;  CUTS is a susceptible population collected from the Curtiss 914 
Farm, Ames, IA in 2008; 3 CT (threshold cycle) is the intersection between an amplification curve and a 915 
threshold line. It is a relative measure of the concentration of target gene in the PCR reaction; 4 Quantitative 916 
PCR (Polymerase Chain Reaction) assay; 5 Standard deviation; 6 Reference gene; 7 The ∆CT value is 917 
calculated by subtracting the average CT value of EPSPS gene from the average CT value  of the reference 918 
gene 9240. The standard deviation of the difference is calculated from the standard deviations of the EPSPS 919 
and 9240 values; 8 The calculation of ∆∆CT involves subtraction by the ∆CT value. This is subtraction of an 920 
arbitrary constant, so the standard deviation of ∆∆CT is the same as the standard deviation of the ∆CT value. 921 
Δ a values for every sample were normalized to the calibrator sample and fold changes of EPSPS gene of 922 
resistant biotypes calculated relative to the sensitive biotype (CUTS).   923 
  924 
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Table 2. Summary of analysis of variance (ANOVA) of different life history traits 925 
(dependent variables) for protoporphyrinogen oxidase (PPO) resistant common 926 
waterhemp populations with populations, germination date, growth time and interactions 927 
as variables.  928 
Dependent 
variable Experiment                            Source of Variance DF
1 F value2  Pr>F3 
Germination 
characteristic 
1 
Waterhemp population 2 98.85 <0.0001**4 
Germination date5 13 60.03 <0.0001** 
Waterhemp Population* 
Germination date 26 8.44 <0.0001** 
2 
Waterhemp Population 2 140.04 <0.0001** 
Germination date 13 248.26 <0.0001** 
Waterhemp Population* 
Germination date 26 27.38 <0.0001** 
Plant height 
1 
Waterhemp population 2 6.23 0.0022** 
Observational time6 7 972.39 <0.0001** 
Waterhemp 
Population*Observational time 14 4.65 <0.0001** 
2 
Waterhemp population 2 1.78 0.1705 
Observational time 8 840.99 <0.0001** 
Waterhemp 
Population*Observational time 16 6.06 <0.0001** 
Stem Diameter 
1 
Waterhemp population 2 8.25 0.0003*** 
Observational time 5 707.3 <0.0001*** 
Waterhemp 
Population*Observational time 10 5.02 <0.0001*** 
2 
Waterhemp population 2 4.36 0.1033 
Observational time 8 746.43 <0.0001** 
Waterhemp 
Population*Observational time 16 2.34 0.0023** 
Flowering time 
1 Waterhemp  population 2 3.16 0.0502 
2 Waterhemp population 2 2 0.1452 
Biomass 
1 Waterhemp population 2 0.2 0.822 
2 Waterhemp population 2 19.14 <0.0001 
Seed production 
per plant 
1 Waterhemp population 2 2.07 0.1693 
2 Waterhemp population 2 5.61 0.0142 
Reproductive 
effort 
1 Waterhemp population 2 2.03 0.1531 
2 Waterhemp  population 2 1.71 0.2123 
Seed mass 
1 Waterhemp population 2 1.77 0.2113 
2 Waterhemp population 2 1.48 0.2582 
1 Degrees of freedom; 2 Calculated F value according to the equation F = MST/MSE, MST is the mean 929 
square of treatment and MSE is the mean square of error; 3 If p-value > 0.05 (the probability of F calculated 930 
< F critical), there is no significant difference between the two data groups; 4**represents significant 931 
difference at P=0.05; 5 Germination test was conducted from date 1 to date 14; 6 plant height and stem 932 
diameter were measured; 7 times (week 2, 3, 4, 5, 6, 7, 10, 14) in Experiment 1;  8 times (week 2, 3, 4, 5, 6, 933 
7) in Experiment 2. 934 
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Table 3. Summary of analysis of variance (ANOVA) of different life history traits 935 
(dependent variables) for glyphosate resistant (R) common waterhemp populations with 936 
populations, germination date, growth time and interactions as variables. 937 
Dependent 
variables Experiment Source of variance DF F value Pr>F 
Germination 
characteristic 
1 
Waterhemp population 3 42.61 <0.0001** 
Germination date 13 63.1 <0.0001** 
Waterhemp Population* 
Germination date 39 5.18 <0.0001** 
2 
Waterhemp Population 3 75.01 <0.0001** 
Germination date 13 378.23 <0.0001** 
Waterhemp Population* 
Germination date 39 26.61 <0.0001** 
Plant height 
1 
Waterhemp population 3 1.67 0.1721 
Growth time 7 1817.64 <0.0001** 
Waterhemp 
Population*Growth time 21 5.64 <0.0001** 
2 
Waterhemp population 3 35.88 <0.0001** 
Growth time 8 820.78 <0.0001** 
Waterhemp 
Population*Growth time 24 1.35 0.1215 
Stem 
Diameter 
1 
Waterhemp population 3 3.98 0.0081** 
Growth time 5 894.87 <0.0001** 
Waterhemp 
Population*Growth time 15 5.43 <0.0001** 
2 
Waterhemp population 3 42.37 <0.0001** 
Growth time 8 858.29 <0.0001** 
Waterhemp 
Population*Growth time 24 2.67 <0.0001** 
1 Degrees of freedom; 2 Calculated F value according to the equation F = MST/MSE, MST is the mean 938 
square of treatment and MSE is the mean square of error; 3 If p-value > 0.05 (the probability of Fcalculated 939 
< Fcritical) , there is no significant difference between the two data groups; 4**represents significant 940 
difference at P=0.05;5 Germination test was conducted from date 1 to date 14 ; 6 plant height and stem 941 
diameter were measured 7 times (week 2, 3, 4, 5, 6, 7, 10, and 14) in Experiment 1;  8 times (week 2, 3, 4, 5, 942 
6, and 7) in Experiment 2; 9** represents significant difference at p=0.05 943 
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Table 3 (continued) 944 
Dependent 
variables 
Experiment Source of variance DF F value Pr>F 
Flowering 
time 
1 Waterhemp  population 3 11.24 <0.0001** 
 
2 Waterhemp population 3 6.28 0.0008** 
Biomass 1 Waterhemp population 3 0.38 0.7684 
 
2 Waterhemp population 3 12.05 <0.0001** 
Seed 
production 
per plant 
1 Waterhemp population 3 4.99 0.0125* 
2 Waterhemp population 3 6.2 0.0037** 
Reproductive 
effort 
1 Waterhemp population 3 4.82 0.0063** 
2 Waterhemp population 3 0.78 0.5191 
Seed mass 
1 Waterhemp population 3 1.2 0.3411 
2 Waterhemp population 3 2.26 0.1124 
 945 
 946 
  947 
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Table 4. Seed germination parameters estimates from sigmoidal models (y=a/1+exp (-(x- 948 
tE50/(b)))) of common waterhemp protoporphyrinogen (PPO) and glyphosate (Gly) 949 
resistant (R) and susceptible (S) populations.  950 
Experiment 
Herbicide Waterhemp 
a2              tG503                    b4 Resistance Population1 
  CUTS 38.5c
5 7.6a 2.71a 
1 glyphosate Gly MO 66.8 ab 2.3b 1.38a 
  Gly IL 76.1ab 8.6a 5.14a 
  Gly IA 85.8a 1.2b 1.87a 
      
  CUTS 38.5b 7.6a 2.71a 
 PPO PPOW 86.6a 0.8b 1.25a 
  PPOB 88.7a 1.1b 1. 35a 
  CUTS 70.6b 4.8a 1.76a 
2 glyphosate Gly MO 94.0a 1.8c 0.26c 
  Gly IL 83.4ab 2.4b 0.76b 
  Gly IA 97.8a 1.5c 0.27c 
      
  CUTS 70.6b 4.8a 1.76a 
 PPO PPOW 95.3a 2.2b 0.58b 
  PPOB 98.6
 a 1.6c 0.28b 
1 Gly MO, Gly-IA, Gly-MO and  Gly-IL are three glyphosate resistant common waterhemp population from 951 
IA , Missouri and Illinois  respectively;  PPOB and PPOW are PPO resistant populations from Benton and 952 
Washington counties of IA, CUTS is a susceptible population from the Curtiss Farm, Ames, IA (CUTS); 2 a 953 
is the maximum germination; 3 tG50 is the time to reach 50% of final seed germination (days); 4 b indicates 954 
the slope around tG50, with lower b-values indicating that a high proportion of the population germinates 955 
around tE50; 5 Different subscript letters indicated significant differences between similar parameters of R 956 
and S populations of the same herbicide resistance, basing on Tukey’s HSD test (α=0.05).  957 
 958 
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959 
 960 
 961 
Figure 1. Greenhouse screening of phosate resistant (R) and susceptible (S) (a), 962 
protoporphyrinogen oxidase (PPO) R and S (b) common waterhemp populations, under 963 
selection with increasing rates of glyphosate and PPO inhibitor lactofen. Typical field 964 
rates are 2240 g ai ha-1 and 875 g ai ha-1 for glyphosate and lactofen respectively. X-axis 965 
is the dose rate of each herbicide converted to typical field rate (0, 0.25, 0.5, 1, 2, 4, 8x), 966 
Y-axis is the visual injury in percentage (100 represents totally controlled, 0 represents no 967 
control). The error bars represent standard errors. Gly-IA, Gly-MO and Gly-IL are three 968 
glyphosate resistant common waterhemp populations from IA, Missouri and Illinois 969 
respectively; PPOB and PPOW are PPO resistant populations from Benton and 970 
Washington counties, IA; CUTS is a susceptible population from the Curtiss Farm, Ames, 971 
IA. Each data point was averaged from 9 plants. 972 
  973 
a 
b 
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 974 
 975 
  976 
Figure 2. The deletion of a Glycine codon at position 210 (DG210) in the 977 
protoporphyrinogen oxidase (PPO)-encoding gene (PPX2) of PPO-resistance of different 978 
waterhemp populations. Lane 1, 2 are two common waterhemp populations that are 979 
known to have the PPX2 deletions and thus resistant to PPO-inhibiting herbicides. Lane 3 980 
to 11 are the susceptible population from the Curtiss Farm, Ames, IA (CUTS), none of 981 
them have the deletions except lane 10; Lane 12 to 17 are from our resistant populations 982 
from Benton County, IA (PPOB), all of them have the PPX2 deletion; Lane 18 to 23 are 983 
from another PPO resistant populations from Washington (PPOW) counties of IA, all of 984 
them have the deletion except for lane 20. 985 
 986 
 987 
 988 
 989 
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990 
 991 
 992 
Figure 3. Seed germination of common waterhemp protoporphyrinogen oxidase (PPO) (a 993 
and b) and glyphosate (c and d) resistant (R) and susceptible (S) populations in the 994 
greenhouse. Two experiments are included; Experiment 1 a and c; Experiment 2 b and d. 995 
The error bars represent the standard error. Gly-IA, Gly-MO and Gly-IL are three 996 
putative glyphosate resistant common waterhemp population from IA, Missouri and 997 
Illinois, respectively; PPOB and PPOW are PPO putative resistant populations from 998 
Benton and Washington counties, IA; CUTS is a susceptible population from the Curtiss 999 
Farm, Ames, IA. Each data point was averaged from 20 plants. 1000 
 1001 
 1002 
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 1005 
 1006 
 1007 
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  1008 
 1009 
 1010 
Figure 4. Evaluation of plant height for common waterhemp protoporphyrinogen oxidase 1011 
(PPO) resistant (R) and susceptible (S) populations (a and b) and glyphosate resistant (R) 1012 
and susceptible (S) populations (c and d) in the greenhouse. Two experiments are 1013 
included; Experiment 1, a and c; Experiment 2, b and d). The error bars represent 1014 
standard errors. Gly-IA, Gly-MO and Gly-IL are three putative glyphosate resistant 1015 
common waterhemp population from IA, Missouri and Illinois, respectively; PPOB and 1016 
PPOW are PPO putative resistant populations from Benton and Washington counties, IA; 1017 
CUTS is a susceptible population from the Curtiss Farm, Ames, IA. Each data point was 1018 
averaged from 20 plants. 1019 
 1020 
 1021 
a b 
c d 
130 
 
  1022 
 1023 
 1024 
Figure 5.  Stem diameter for common waterhemp protoporphyrinogen oxidase (PPO) (a 1025 
and b) resistant (R) and susceptible (S) and glyphosate resistant (R) and susceptible (S) 1026 
populations (c and d) in the greenhouse. Two experiments are included; Experiment 1 a 1027 
and c; Experiment 2 (b and d). The error bars represent standard errors. Gly-IA, Gly-MO 1028 
and Gly-IL are three glyphosate putative resistant common waterhemp populations from 1029 
IA, Missouri and Illinois, respectively;  PPOB and PPOW are PPO putative resistant 1030 
populations from Benton and Washington counties of IA, CUTS is a susceptible 1031 
population from the Curtiss Farm, Ames, IA (CUTS). Each data point was averaged from 1032 
20 plants. 1033 
a b 
c d 
131 
 
1034 
 1035 
 1036 
Figure 6. Above ground biomass of common waterhemp protoporphyrinogen oxidase 1037 
(PPO) (a and c) resistant (R) and susceptible (S) and glyphosate (b and d) resistant (R) 1038 
and susceptible (S) populations in the greenhouse (Two experiments are included; 1039 
Experiment 1 a and c; Experiment 2 b and d). The upper grey part of the bar represents 1040 
the reproductive biomass and the lower black part represent the vegetative biomass of an 1041 
individual plant. The error bars represent standard errors.  Gly-IA, Gly-MO and Gly-IL 1042 
are three glyphosate putative resistant common waterhemp populations from IA, Missouri 1043 
and Illinois respectively; PPOB and PPOW are PPO putative resistant populations from 1044 
Benton and Washington counties, IA; CUTS is a susceptible population from the Curtiss 1045 
Farm, Ames, IA. Each data point was averaged from all the female plants within the 20 1046 
plants tested. 1047 
b 
a 
c d 
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1048 
 1049 
 1050 
Figure 7. Days of flower initiation of common waterhemp protoporphyrinogen oxidase 1051 
(PPO) (a and b) resistant (R) and susceptible (S) and glyphosate (c and d) resistant (R) 1052 
and susceptible (S) populations in the greenhouse. Two experiments are included; 1053 
Experiment 1 a and c; Experiment 2 b and d. The vertical bars represent the averaged 1054 
flowering time of all the 20 plants from each common waterhemp population. The error 1055 
bars represent standard errors. Gly-IA, Gly-MO and Gly-IL are three glyphosate putative 1056 
resistant common waterhemp populations from IA, Missouri and Illinois respectively; 1057 
PPOB and PPOW are PPO putative resistant populations from Benton and Washington 1058 
counties, IA; CUTS is a susceptible population from the Curtiss Farm, Ames, IA. Each 1059 
data point was averaged from 20 plants. 1060 
 1061 
 1062 
 1063 
 1064 
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1065 
 1066 
 1067 
Figure 8. Average individual plant seed production (a and c) and reproductive effort (b 1068 
and d) of common waterhemp protoporphyrinogen oxidase (PPO) resistant (R) and 1069 
susceptible (S) populations in the greenhouse. Two experiments are presented: 1070 
Experiment 1 (a and b) and Experiment 2 (c and d). Reproduction effort is described as 1071 
reproductive biomass (RB)/(reproductive biomass+ vegetative biomass (VB). The error 1072 
bars represent standard errors. PPOB and PPOW are PPO putative resistant populations 1073 
from Benton and Washington counties, IA; CUTS is a susceptible population from the 1074 
Curtiss Farm, Ames, IA. Each data point was averaged from 20 plants. 1075 
  1076 
  1077 
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 1079 
 1080 
 1081 
Figure 9. Average individual plant seed production (a and c) and reproductive effort (b 1082 
and d) of common waterhemp glyphosate resistant (R) and susceptible (S) populations 1083 
under in the greenhouse. Two experiments are presented; Experiment 1 (a and b) and 1084 
Experiment 2 (c and d). The error bars represent standard errors. Gly-IA, Gly-MO and 1085 
Gly-IL are three glyphosate putative resistant common waterhemp populations from IA, 1086 
Missouri and Illinois respectively; CUTS is a susceptible population from the Curtiss 1087 
Farm, Ames, IA . Each data point was averaged from all the female plants within the 20 1088 
plants tested. 1089 
 1090 
 1091 
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 1092 
 1093 
Figure 10. Seed mass of common waterhemp protoporphyrinogen oxidase (PPO) (a and c) 1094 
resistant (R) and susceptible (S) and glyphosate (b and d) resistant (R) and susceptible (S) 1095 
populations in the greenhouse.  Two experiments are presented; Experiment 1 (a and b) 1096 
and Experiment 2 (c and d). Data presented are the log transformed 1000 seed weights. 1097 
The error bars represent standard errors. The diamond and the vertical line in the center of 1098 
the box represent mean and median of the seed mass of each population respectively The 1099 
upper boundary of the box locates the 75th percentile of the data set while the lower 1100 
boundary indicates the 25th percentile; the vertical lines of the plot extending from the 1101 
box and the circles indicate the minimum and maximum values in the dataset respectively. 1102 
Gly-IA, Gly-MO and Gly-IL are three glyphosate putative   resistant common waterhemp 1103 
populations from IA, Missouri and Illinois respectively; PPOB and PPOW are PPO 1104 
putative resistant populations from Benton and Washington counties, IA; CUTS is a 1105 
susceptible population from the Curtiss Farm, Ames, IA. Each data point was averaged 1106 
from all the female plants within the 20 plants tested. 1107 
  1108 
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CHAPTER 5 GENERAL CONCLUSIONS  1109 
As a fascinating weed in the Midwest United States, common waterhemp (Amaranthus 1110 
tuberculatus (Moq) Sauer) has successfully evolved adaptations to crop husbandry and 1111 
cultural practices. These adaptations include but are not limited to prolonged germination 1112 
periods, rapid vegetative growth rate, high seed production, and seed dormancy and 1113 
resultant seed longevity in the soil. The life cycle of the weed and the crop phenology are 1114 
important information when considering long-term management programs for weeds in a 1115 
cropping sequence (Bauer and Mortensen, 1992). Therefore, a thorough understanding of 1116 
common waterhemp life history and its vulnerable stage(s) to control strategies could 1117 
make weed management tactics more effective. In this thesis, we wanted to compare the 1118 
influence of different selection forces on ecological fitness of common waterhemp; these 1119 
forces include natural selection and herbicide selection. To that end, we compared the 1120 
ecological fitness of common waterhemp under two scenarios; one was the natural 1121 
emerged populations in the field, and the other was herbicide resistant and susceptible 1122 
populations in the green house.  1123 
 1124 
In Chapter 2, we determined the effects of emergence timing on the general ecological 1125 
fitness especially the reproductive phenology and success of common waterhemp. Does 1126 
early emergence always make a plant healthy, wealthy and wise? Most of the previous 1127 
studies suggest that late emergence timing has significant disadvantage in seedling 1128 
growth and fecundity (Verdu and Traveset, 2005). Our study was consistent with them 1129 
because we found that later cohorts do have lower fitness as indicated by decreased plant 1130 
size, shorter flowering duration period, and lower seed production per cohort. However, 1131 
later emergence timing may have its own ecological significance which has been 1132 
overlooked in most of the previous studies. For example, it has been noted that in species 1133 
with extended emergence pattern, the earliest cohort contributes most to competition and 1134 
the latest cohort contributes most to seed return (Grundy, 2002). In our study, we did not 1135 
observe reduced seed production at individual plant level in later cohorts emerging as late 1136 
as early July. Instead, an individual plant in later cohorts surprisingly produced same 1137 
amount or even more seeds than plants from early cohorts emerging in late May and in 1138 
June. This high individual fecundity in later cohorts could have a significant contribution 1139 
to the infestations the following year.  1140 
 1141 
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Another significant finding in Chapter 2 was, and we are the first to report the pulsed 1142 
flowering pattern with multiple flowering peaks in common waterhemp cohorts. The 1143 
flowering pattern of common waterhemp was influenced by temporal distribution of rain 1144 
events suggesting that common waterhemp are plastic enough to tailor their flowering to 1145 
variable environmental conditions for more successful pollination. 1146 
 1147 
In our field study we found that early emerged cohorts transitioned from vegetative 1148 
growth to flowering later and had a relatively longer flowering duration period. 1149 
According to previous studies, common waterhemp only take 7 to 9 days from pollination 1150 
to generate viable seeds (Bell and Tranel, 2010). Therefore, with a pulsed flowering 1151 
pattern, common waterhemp will be able to tailor flowering to variable environmental 1152 
conditions for pollination and thus make the most of favorable environment conditions 1153 
such as less moist days to produce seeds throughout the growing season. 1154 
 1155 
In Chapter 3, we continued to explore the effects of emergence timing on common 1156 
waterhemp seed characteristic such as seed mass, seed maturation time and seed after- 1157 
ripening, which filled in some of the blanks of our current lack of knowledge on this topic. 1158 
We found that both emergence timing and population densities greatly influenced seed 1159 
characteristics. When population densities were relatively low (10 plants/m2, as in our 1160 
2009 data), common waterhemp cohorts needed the same amount of time to generate 1161 
viable seeds. Surprisingly, seeds produced by later cohorts were heavier than those by 1162 
earlier cohorts. In comparison, when population densities are relatively high (> 50 1163 
plants/m2 , as in our 2010 data), seed maturation time of cohort 1 (30 days) was 1164 
significantly longer than later cohorts (21 to 25 days), again to our surprise, no significant 1165 
differences in seed mass among cohorts were detected in 2010. The relatively short seed 1166 
provisioning time in common waterhemp may have significant ecological advantages and 1167 
provide guidance on the critical time to control common waterhemp. After a waterhemp 1168 
female initiates flowering, it needs only to survive for approximately 3 to 4 week in order 1169 
to produce viable seeds, which results in a relatively short time that plants will be exposed 1170 
to weed control management where the objective is to reduce seed production.  1171 
We also determined the seed after-ripening pattern of common waterhemp cohorts in 1172 
Chapter 3. In 2009, seeds from different cohorts had similar after-ripening patterns. 1173 
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Newly harvested seeds had strong primary dormancy (<10% germination), which was 1174 
gradually released during dry storage and reached maximum germination (>80%) rate at 4 1175 
months after harvest (MAH). However, germination dropped to 40% at 6 and 8 MAH, 1176 
indicating the induction of secondary seed dormancy.  In 2010, strong primary dormancy 1177 
at harvest could not be released by dry after-ripening, which was probably due to strong 1178 
intra-specific competition and less favorable parental environments. However, in 2010 1179 
there was a difference in seed dormancy among common waterhemp cohorts.  1180 
 1181 
Lack of difference on seed maturation time and seed after-ripening pattern among cohorts 1182 
in 2009 with relatively lower population densities than 2010, was unexpected. Seed 1183 
dormancy is affected by the environmental factors prevailing during seed development, 1184 
which include light conditions and other factors (Roach and Wulff, 1987; Contreras et al., 1185 
2008). The different environmental conditions that each cohort experienced did not affect 1186 
the seed maturation time and dormancy level of common waterhemp seeds as was seen in 1187 
our 2009 data. However, when population densities were high, it took longer for common 1188 
waterhemp to produce viable seeds and those seeds were forced into a deep level of 1189 
dormancy after harvested, as seen in 2010. We suspect that common waterhemp seeds are 1190 
less sensitive to certain environmental factors such as photoperiod and temperature, 1191 
which were less directly influenced by plant population densities, than to other 1192 
environmental factors such as nutrients, light and water status. The influence of common 1193 
waterhemp population density on seed maturation and seed after-ripening process is 1194 
definitely worthy of further study. An interesting additional experiment to consider would 1195 
be to establish a series of common waterhemp cohorts with different population densities 1196 
and test the effect of intraspecific competition on common waterhemp seed characteristics. 1197 
 1198 
In chapter 4, we tested in the greenhouse the ecological fitness of two protoporphyrinogen 1199 
oxidase (PPO) resistant (R) populations (PPOB, PPOW), three glyphosate (Gly) R 1200 
populations (Gly IA, Gly IL, Gly MO) and a common waterhemp population from the 1201 
Iowa State University Curtiss Farm (CUTS) that was susceptible to both PPO and 1202 
glyphosate herbicides. We wanted to know if there were fitness costs associated with 1203 
evolved resistance to PPO inhibitor herbicides and glyphosate in common waterhemp. 1204 
The study was established under non-competitive conditions and lasted throughout the 1205 
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life cycle of common waterhemp. The studies were repeated twice but at different times 1206 
during the year, which were designated Experiment 1 and Experiment 2.  1207 
 1208 
Some major findings from these experiments included three aspects of common 1209 
waterhemp fitness: germination, vegetative and reproductive growth. We found that all 1210 
PPO and Gly R populations had higher germination percentages and some R populations 1211 
also germinated much faster than the susceptible (S) population, which means that the 1212 
herbicide resistant plants in the population is more susceptible to the application of 1213 
preemergence (PRE) herbicide. 1214 
However, fitness cost in vegetative growth and reproductive growth differed among two 1215 
different herbicide resistances. We found that fitness cost on vegetative growth associated 1216 
with PPO resistance existed at least in certain common waterhemp growth stages, 1217 
regardless of environmental conditions. However, we only detected fitness costs in 1218 
vegetative growth associated with glyphosate resistance under favorable growing 1219 
conditions where Gly S plants had a faster growth rate during vegetative growth stages.  1220 
The advantages disappeared when plant initiated flowering. No fitness costs were 1221 
detected as indicated by similar plant height and stem diameter comparing Gly R and S 1222 
populations under less favorable growing conditions. We also compared fitness costs in 1223 
reproductive biology, including flowering time, reproductive effort, and seed mass. We 1224 
found that there were no differences in days of flower initiation comparing PPO R and S 1225 
plants.  Only one of the PPO R populations (PPOW) showed fitness cost in seed 1226 
production in Experiment 2, surprisingly, PPO R populations produced the same or even 1227 
more seeds than S population when conditions were favorable for the growth and 1228 
development of common waterhemp as in Experiment 1. Similarly, fitness cost in the 1229 
initiation of flowering and seed production were only detected in one of the Gly R 1230 
populations (Gly IA) during less favorable growing conditions under which the Gly IA 1231 
population produced much lesser seeds than the CUTS population did.  1232 
 1233 
A potential weakness of this study was that the genetic backgrounds of the common 1234 
waterhemp populations included were not homogeneous.  Therefore, the fitness cost we 1235 
observed could be caused by pleiotropic effects rather than resistant alleles.  Also, the 1236 
fitness penalties may be more in evidence under competitive conditions, which we failed 1237 
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to establish in our experiment.  More robust methodologies involving the R and S weed 1238 
populations with similar genetic backgrounds, different competitive and environmental 1239 
conditions should be used to generate more consistent fitness penalty data.  1240 
 1241 
On the whole, this thesis provided us with a glimpse of how natural and herbicide 1242 
selection influence ecological fitness of common waterhemp. We were able to determine 1243 
the effect of emergence timing, which is a natural selection force, on life history traits as 1244 
well as on the attributes of seeds produced in the field. We also tested how herbicide 1245 
resistance influenced the fitness of common waterhemp populations in the green house. 1246 
The study provided useful information to support making management program for 1247 
common waterhemp from an ecological aspect. 1248 
 1249 
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